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PREFACE

This report describes the work performed under Task 2 of the DOT/FMA
High Velocity Jet Noise Source Location and Reduction Program (Contract
DOT-OS-30034). The objectives of the contract were:

& Investigation of the aerodynamic and acoustic mechanisms ofp various jet noise suppressors, including scaling effects.

* Analytical and experimental studies of the acoustic source distri-
bution in such suppressors, including identification of source
location, nature and strength, and noise reduction potential.

* Investigation of in-flight effects on the aerodynamic and acoustic
performance of these suppressors.

The results of these investigations have led to the preparation of a
design guide report for predicting the overall characteristics of suppressor
concepts from models to full-scale static, to in-flight conditions, as well
as a quantitative and qualitative prediction of the phenomena involved.

The work effort in this program was organized under the following
major tasks, each of which is reported in a separate Final Report:

Task 1 -- Activation of Facilities and Validation of Source
Location Techniques

Task 2 -- Theoretical Developments and Basic Experiments

Task 3 -- Experimental Investigation of Suppression Principles

Task 4 -- Development and Evaluation of Techniques f or "In-flight"
Investigation

Task 5 -- Investigation of "In-flight" Aeroacoustic Effects on
Suppressed Exhausts

b Task 6 -- Preparation of Noise Abatement Nozzle Design Guide Report

Task 1 was an investigative and survey effort designed to identify
acoustic facilities and test methods best suited to jet noise studies.
Task 2 was a theoretical effort complemented by theory verification experi-
ments which extended across the entire contract period of performance.
Task 3 represented a substantial contract effort to gather various test

~4 data on a wide range of High Velocity Jet Nozzle suppressors. These data,
intended to help identify several "optimum" nozzles for "in-flight" testingI under Task 5, provide an extensive high quality data bank useful to prepara-

tion of the Task 6 design guide, as well as to future studies.

I________MUM



Task 2, the subject of the present report, was formulated as a funda-

mental theoretical and experimental study aimed at understanding of the
noise generation and suppression mechanisms of high velocity jets. A gross
overview of the most important results achieved in this study along with an
indication of the relevant report sections is given in the following figure.
The reader interested in the aero-acoustic theory which was used in the
ultimate prediction procedure recommended herein need study only Sections
4.3 to 4.7. The reader interested in the experimental data acquired in the
course of performing this task need study only Sections 5, 6, 7, and
8.1 and 8.3.

Orderly

TStructure

of Jet NoiseMxn

84. Orderereny

i! Structure

21.~Physical

IExperiments Acoustic

Mechanism

hl din

Overview of sections containing the most important results of this report.
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1.0 SUMMARY

The DOT High Velocity Jet Noise Source Location and Reduction Program,
Contract DOT-OS-30034, was conceived to bring analytical and experimental

tools to bear on understanding the fundamentals of jet noise for simple and

complex suppressor nozzles.

Task 2 in particular is the most basic of this six-task program and was
formulated as a fundamental theoretical and experimental study aimed at an
understanding of the noise generating and suppression mechanisms of high

velocity jets.

The physical view of jet noise adopted in this study is fairly con-
ventional. The inherent instability of jet flows leads to jet turbulence
with the energy of the turbulent eddies being extracted from the mean flow,

this energy of the eddies being ultimately dissipated by viscosity. Jet
noise is .,ribed to this continuous process of the birth and decay of the
eddies with the eddies being convected at velocities of the order of the jet
velocity during their lifetime. When the nozzle operates supercritically
and is not contoured to permit proper supersonic expansion, the flow aft of
the nozzle exit plane is embedded with shocks and the passage of the turbulent
eddies through the shocks generates "shock" noise. From a source point of
view, only turbulent mixing and shock noise sources are consiuered in the
ultimate prediction scheme developed in this report.

In the modeling of the sources of jet noise, this report leans heavily
on the works of Lighthill, Ribner, and Ffowcs-Williams for turbulent mixing
noise and on the work of Harper-Bourne/Fisher for shock noise. The first

step in the analytic modeling is the prediction of the properties of the
mean jet plume. A simplified eddy viscosity type approach based on
Reichardt's inductive theory of turbulence is employed to achieve this. An
independent check on the correctness of the plume mapping is obtained by
extensive measurements with Laser Velocimeters (LV) of the velocity field in

jet plumes. Similarity arguments and data from the rather sparse set of
available time-dependent turbulence measurements carried out in jet flows
are next used to establish a general procedure of deducing the turbulent
source properties relevant to jet noise from the prediction of the mean
plume properties. A feature of the present study is that the link to the
far-field SPL (sound pressure level) spectra from the turbulent sources is
carried out by fully accounting for acoustic/mean-flow interactions, via the
so-called Lilley equation which may alternatively be also described as an
inhomogeneous Orr-Sommerfield equation. The above steps have been integrated

ktogether to produce a unified aeroacoustic model which can, in principle,
predict far-field SPL spectra given only the nozzle exit geometry, upstream
stagnation pressures, and temperature. Multiple flow systems such as dual-
flow exhaust systems can be readily accommodated in this prediction scheme.
The prediction scheme includes a semiempirical method of prediction of shock
noise adopted from the work of Harper-Bourne and Fisher. This unified
prediction scheme is extensively applied to a great variety of jet noise
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data from rounu' nozzles, conventional bypass systems, inverted flow systems,
and multielement nozzle exhaust systems over a wide range of velocities and
temperatures of interest in jet noise. Generally, very satisfactory agree-
ment is obtained in all these theory - data comparisons, including the
trends of parametric variations. The procedure is general enough to handle
both flight and static cases. While the bulk of theory - data comparisons
were carried out for the static case, some comparisons with fair success
have also been carried out for flight cases. The development of this unified
universal aeroacoustic prediction based largely on first principles (empiri-
cism is chiefly introduced in the eddy viscosity method used in the plume
prediction and also in the similarity arguments used to infer time-dependent
turbulence quantities needed to predict jet noise) is believed to be the
most significant technical achievement of this task. Hence, full details of
the pertinent equations, computer program, etc., needed to implement this
method are described in a supplement to this report, FAA-RD-76-79, Ila.

Physical shielding offers a possibiLity of reducing the jet noise
reaching the observer on the ground. Pertinent solutions relevant to shield-
ing by plane barriers and by pipe-like enclosures are given. Comparisons
with an experiment on physical shielding were conducted and reveal fair
agreement, except that at shallow angles to the jet axis, the measured
attenuation at high frequencies exceeds the predicted aLtenuation. The pipe
enclosure study shows that low frequency jet noise may be actually enhanced
by use of ejectors, and, in general, physical shielding benefits are confined
to the inlet arc. Thus, beneficial effects for ejectors can accrue only
from aerodynamic considerations rather than physical shielding considera-
tions, unless treated ejectors are employed.

Several single-element and multielement experiments with round and
rectangular tubes were carried out with mapping of the far-field sound over
an entire hemisphere to assess acoustic shielding effects. Very pronounced
shielding of jet noise by jet flows is demonstrated at suitable high velocity
and temperature conditions. LV measurements carried out in several of these
configurations revealed that jet turbulence structure is not significantly
altered by jet temperature or jet Mach number.

A series of basic experiments to verify fluid shielding and the impor-
tance of acoustic/mean-flow interactions was also carried out, and results
obtained for the dependence of the shielding on jet velocity, jet temperature,
shield thickness, source frequency, and angle of observation are in accord

b to a high degree with the corresponding theoretical analysis.

Lip noise was investigated experimentally, both with and without external
velocity, by cross-correlation techniques, and it appears that lip noise is
not a significant noisei source for prictical jet velocities and with
reasonably contoured nozzles upstream of the nozzle exit plane. A litera-
ture survey was carried out of the possibilities of jet noise suppression by
the use of particle/fluid additives, and it appears unlikely that any signifi-
cant benefit can be derived by any of these schemes, especially for heated
jet flows.

The role of large-scale structures in jet noise was explored in a sub-
contract effort by the University of Southern California and was not con-
clusive in establishing their direct relevance to jet noise. Nor was it
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possible to derive any new insight into any novel concept of jet noise
suppression associated with large-scale structures. It was also not clear
what amendment, if any, was needed to the unified aeroacoustic model
described earlier to reflect the role of large-scale structures.

In conclusion, it appears that for practical purposes jet noise phe-
nomena at high velocities and temperatures can be largely explained as a
combination of mixing noise and shock noise. It was necessary in this study
to evolve a comprehensive aeroacoustic model devoted equally to all aspects
of jet noise known to be important, such as turbulent mixing, convective
amplification, acoustic/mean-flow interaction, and shock noise. But once
such a unified scheme was evolved, the success of the present task suggests
that rational preliminary design decisions can be arrived at with high
confidence before committing to a test program, with the aid of the pre-
diction tools developed herein. it is reiterated that these prediction
tools have been embodied in a computer program available in a supplement to
this report, FAA-RD-76-79, lIa.
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2.0 INTRODUCTION

Jet noise has been studied extensively over the past 25 years dating
back to the early 1950's when the first papers of Lighthill laid a basis for
theoretical analysis of jet noise. Lighthill's theory provided some powerful
scaling laws on the basis of which the variation of jet noise with jet
velocity, jet temperature, and angle of observation could be correlated for

a given nozzle exhaust geometry. The quality of experimental jet noise data
acquired in the late 1960's and early 1970's improved markedly over that used
earlier to test Lighthill's predictions. The improvements included careful
suppression of upstream noise sources, extensive use of spectral analysis,

and the acquisition of data over very wide parametric ranges of velocity and

temperature.

The more recent experiments have revealed systematic discrepancies

between the data and the predictions of Lighthill's theory. Moreover, from a
practical point of view, the single-flow, round convergent nozzle is itself
too noisy in terms of its jet noise output so that a more comprehensive
aeroacoustic jet noise prediction scheme encompassing complex exhaust nozzle

configurations was clearly called for. In the early 1970's, a major improve-
ment over Lighthill's theory occurred with the acceptance of the fact that

the influence of the mean jet flow environment on the elementary turbulent
noise sources (the so-called "eddies") was not accounted for in Lighthill's
theory, and that accounting for this "acoustic/mean-flow interaction" does
help to resolve almost all the theory - data discrepancies observed with
Lighthill's theory for single-flow, round nozzle noise.

Many of these improvements for single-flow, round nozzle noise were
achieved in the course of a fundamental study sponsored by the USAF-DOT
(Contract F33615-73-C-2031). It seemed logical, therefore, to pursue the
structure developed in that study and inquire whether the same methodology
could be extended to predict the noise from complex suppressor nozzles. A

main objective of the present study (Section 4) was to demonstrate that such

an exercise is feasible.

Based on the desirability of separating various mechanisms of jet noise

suppression, such as alteration of turbulence levels, acoustic/mean-flow

interaction, physical shielding, etc., Sections 5, 6, and 7 describe a wide
variety of experiments carried out during the program designed to elucidate
the relative importance of the various mechanisms. In Sections 6 and 7,

4 relevant theoretical results from Section 4 are used to analyze the experi-
t: mental results.

Section 8 is devoted to several topics such as lip noise, the role of

large-scale structures in jet noise, etc., that have often been mentioned in
recent years as influencing suppression phen3mena but whose precise importance
has not been clarified.

The remaining sections summarize the conclusions and recommendations for

further work.
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3.0 FACILITIES DESCRIPTION

This section summarizes the salient features of the facilities and
associated diagnostic instrumentation utilized in the experimental portions
of this program. Since the General Electric Corporate Research and Develop-
ment (CRD) outdoor jet noise facility was the primary site for Task 2 jet
noise experiments, a summary description of its capabilities is given in
Section 3.1. Further details of its capabilities and validation checkout

tests can be found in the Task 1 final report of this program.

Other facilities were briefly utilized for specialized investigations,
but descriptions of these facilities are included in the sections where these
investigations are reported. These include (1) the University of British
Columbia Anechoic Jet Noise facility, used for lip noise experimental inves-
tigations (see Section 8.1); (2) the General Electric Evendale Outdoor Jet Noise
facility (JENOTS), used for lip noise relative velocity experiments (see
again Section 8.1); and (3) the University of Southern California Anechoic
Jet Noise facility, utilized for experimental studies of orderly structure
and its relevance to jet noise (see Section 8.3). All of these facilities
are also described in detail in the Task 1 final report.

Summary descriptions of the "hole-in-the-wall" technique for source
location diagnosis (Section 3.2) and the Laser Velocimeter for jet plume flow
measurements (Section 3.3) are included herein, since these were the primary
"unconventional" experimental measurement tools utilized in Task 2. Again,
further details of these devices may be found in the Task 1 final report.

3.1 GENERAL ELECTRIC CORPORATE RESEARCH AND DEVELOPMENT (CRD)
OUTDOOR FACILITY

The experimental noise investigations of Task 2 required the construction
of a new facility at the General Electric Corporate Research and Development
(CRD) Center. An outdoor facility was constructed which offers a unique com-
bination of capabilities, including hemispherical microphone coverage, per-
manently installed microphones, acoustically treated ground plane, and real-

time data processing. This facility is intended primarily for high-tempera-
ture jet noise research and, as such, has a silenced burner capable of oper-

b ation to 20000 R.

A 3.1.1 Acoustic Arena

Acoustic suppression between combinations of elemental jet flows can be
quite small on a total power basis and requires detailed azimuthal far-field

measurements to allow the investigator to determine the relative importance
between different proposed suppression mechanisms. A hemispherically swept
array of microphones is provided in the CRD facility to survey the far-field
directivity patterns of nonaxisymmetric nozzles or suppressor configurations

L5



as shown in Figure 3-1. Twelve 1/2-inch B&K model 4133 microphones are
attached to a traversing boom that pivots about the jet axis. These micro-
phones are positioned every 10*, starting at 6 = 200 to the jet axis and
ending at 0 = 1300. To avoid an obstruction in the jet plume, a large hoop
is used to provide a centerless pivot on the downstream end of the microphone
boom. The boom can be moved to any azimuthal angle by the two overhead
cables. Since the paths traversed by the microphones are circular arcs
centered on the jet axis, any deviation of the radiation patterns from axi-
symmetry can be detected easily. A microphone arc of nine feet is used
with the distance in terms of nozzle diameters ranging from 72 to 123.

Outdoor acoustic facilities are extremely dependent on weather condi-
tions, and in areas where the weather is very changeable, as in the North-
eastern United States, the ability to respond quickly to favorable weather
conditions is crucial to the utilization rate of the facility. To avoid long
startup and shutdown times, a hermetically sealed microphone holder was
designed to allow permanent installation. An additional benefit of this
approach is that the electronic noise floor is measured easily when the
microphones are covered, An acoustically treated surface resulted in free
field data above 500Hz. By using large sheets of acoustical foam, a
reasonable reduction of the ground reflection problem can be obtained with
minimal time required to lay down and take up the coverings. To allow test-
ing during the winter months, the 30 x 28 foot concrete pad is heated electri-

cally to remove ice and snow.

3.1.2 Jet Facility

To provide the heated air for the high temperature tests, two heaters
are used. A large natural-gas-fired heat exchanger pre-heats the air to
about 4000 F, and this warm air is fed into the burner end of the combustor
muffler through a 4-inch pipe, as can be seen on Figure 3-1. Two small JP4
combustors are used to provide the remainder of the heat addition. To pre-
vent combustion noise from contaminating the jet noise downstream of the
burners, the wall of the plenum is lined with 2 inches of Kaowool and faced
with a 1/8-inch-thick perforated sheet (45 porosity) of Hastelloy X. No
significant burner or other upstream noise contamination was noted in any

of the data presented in this report.

3.1.3 Data Acquisition and Reduction System

Data acquisition is controlled by an HP 2100 series mini-computer that
obtains the acoustic signals from a GR 1921 real-time one-third-octave band
analyzer and samples the temperatures and pressure signals. By the use of a
scanning multichannel amplifier, GR 1566, each microphone signal is analyzed
sequentially, and the signal level of each one-third-octave band (100 Hz to

80 KHz) is stored on magnetic tape. The effective frequency range depends on
the microphones used. For operational monitoring, a three-dimensional plot
of the one-third-octave band analysis of the sound pressure level, SPL, of
each microphone is displayed on an oscilloscope as the microphone array is
sampled. A typical oscilloscope display is shown in Figure 3-2. For backup
and when longer averaging times are necessary, the acoustic signals can be
recorded simultaneously on a Sangamo Sabre IV tape recorder. After all of
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the signals have been accumulated, the computer corrects the data for non-
uniform response of the microphones and can correct for any known non-free-
field effects of the arena. Using these corrected values of the sound pres-
sure level, the computer then calculates the overall average sound pressure
levels for each microphone, the one-third-octave band acoustic power levels,
and the overall acoustic power level. The raw and calculated data are then
stored on magnetic tape.

While the computer is processing the acoustic data, simultaneous mea-
surement and calculation of all pertinent parameters for determination of the
nozzle exit conditions and ambient conditions also are carried out and re-
corded on magnetic Lape. Since all the pertinent data exists on one magnetic
tape, the acoustic information is normalized by the computer imunediately
following the test.

3.2 HOLE-IN-THE-WALL SOURCE LOCATION MEASUREMENTS

The "hole-in-the-wall" experiment is a means of determining the axial
distribution of noise sources in a jet plume. There are several versions of
this method, but their common feature is that the jet is caused to flow
through an aperture that is made as small as possible without affecting the
jet or producing additional noise through buffeting or toroidal edge - tones.
The idea is to separate the jet noise into two parts: upstream of the
aperture and downstream of the aperture.

Of course, the aperture cannot completely separate the noise, as there
is noise leakage through the aperature in both directions, with preference
for contributions from upstream sources to aoDear downstream of the hole in
the wall. Potter and Jones(1 )* , in the original version of this method, used
a reverberant chamber and a movable jet nozzle. They claim to be able to
establish closure on the noise distribution by first determining the dis-
tribution by upstream measurements and then by reversing the experiment and
determining the distribution by downstream measurements. This contention
must be examined in more detail. A schematic representation of a hole-in-
the-wall experiment is shown in Figure 3-3, using two back-to-back rever-
berant or anechoic chambers (A and B) with an aperture between them. In this
experiment, the acoustic power in both A and B will be simultaneously mea-
sured. The sum of the acoustic power must be a constant, Pt, if there is no
interaction noise. Suppose that the aperture could completely separate the
noise, then as the jet was withdrawn into Chamber A, the power measured in
Chamber B, PB, would decrease. Due to leakage, however, the measured value
of PB will be larger than the true value. The acoustic power measured in A
will likewise be decreased by an identical amount so that "reversing" the
experiment (as done by Potter and Jones) does not establish closure as it
reproduces the same cumulative power distribution in both cases.

In a more recent study, McGregor and Simcox (2 ) have used a movable jet
and a fixed absorbent chamber to absorb the upstream noise, and measured the
downstream noise with an outdoor microphone array. This method is more
attractive in that it does not require that the reverberant characteristics
of the chamber be calibrated, and the jet itself is not as subject to possible

Superscript numbers in parentneses refer to the references contained in the
Reference List. 9
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excitation due to high acoustic level inside the chamber. In this method, it
is necessary, however, to calibrate the aperture diameter versus axial
distance to maintain closure on the total jet power.

A third, slightly different, version of the "hole-in-the-wall" is used
in this study, with a translating absorbent chamber and a fixed jet nozzle
and microphone array. Figure 3-4 shows the absorbent chamber mounted on a
cart that can traverse axially on a set of rails. The chamber is constructed
of 1/2-inch transite and lined with 2 inches of high temperature Kaowool
acoustic material. Two industrial mufflers are used to silence the entrain-
ment air inlets. A series of orifice plates are used to provide the apera-
ture.

3.3 LASER VELOCIMETER AT CRD

The LV system developed at GE CRD consists of (1) laser, (2) optics, (3)
processor, and (4) data acquisition and analysis system. The laser used
during this experiment was an argon ion laser with maximum power of 4 watts
at 5145 X wavelength. The optics consisted of a single-color, dual-scatter
off-axis back scattering arrangement. The transmitting optics had a focal
length of 563 mm. The receiving optics assembly, located at 60 relative to
laser beam axis, contained an f/5 receiving lens. A photomultiplier was used
as the photodetector. The laser interference fringes at the scattering
volume were oriented for the axial velocity and its turbulence measurement.
The entire laser and LV optics were mounted rigidly on an X-Z table for
obtaining transverse velocity distributions, where the Y axis is along the jet
centerline. The X-Z table was driven by two independent stepping motors
along X and Z directions, respectively, to an accuracy of 0.02 mm per move.
The motion of the table was controlled remotely by a numerical indexer via a
teletypewriter. The X-Z table was mounted on two tracks on the ground,
parallel to the jet centerline (Y axis), in order to obtain various jet

downstream station measurements (Figure 3-5).

The electrical signal from the photomultiplier was amplified via a wide-
band preamplifier mounted on the X-Z table, and transmitted to the LV pro-

* ~cessor located inside a data control trailer 15 m away from the jet facility.
*The LV principle and the digital-counter-type LV processor are described in

detail by Asher( 3 ). A schematic of the LV signal processing technique is
shown in Figure 3-6. A 500 MHz digital clock was used in the processor for

hparticle transit time measurement.

The LV data acquisition system block diagram is shown in Figure 3-7.
The analog LV signal, proportional to the flow velocity, was input to the
Northern Scientific pulse height analyzer. A velocity histogram (probability
density function) was constructed after a large amount of LV data were
collected in the pulse height analyzer. The histogram was then recorded on

h a digital cassette recorder. The recorded LV histogram data were transmitted

to a computer at 1200 baud at the end of each test for off-line analysis.
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The seeding material used for the light scattering particles was I pm

diameter alumina powder. The alumina powder was fluidized in a fluidized bed

before it was fed into the plenum chamber of the jet flow. Special care had

to be taken in positioning the seeding probe inside the plenum chamber to

obtain the best seeding distribution for each jet configuration.
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4.0 THEORETICAL DEVELOPMENTS

4.1 BACKGROUND AND OVERVIEW

The problem of jet noise in gas turbine exhaust systems arises from
mixing of the jet exhaust stream with the ambient atmosphere. The mixing
process is extremely unsteady at high Reynolds numbers characteristic of gas
turbine engines, so that one is inevitably dealing with a noisy flow. From
a fundamental point of view, one may say that noise is a consequence of a
flow being both unsteady and compressible. Jet flows are unsteady because
the mixing of two streams at different velocities is inherently unstable* and
hence a continuous source of turbulence.

The basis for the understanding of jet noise was laid in the early
1950's in two papers of Lighthill( 4 ,5 ). Lighthill introduced his theory of

jet noise as follows. The exact equations of continuity and motion can be

written as:

t (v.) = 0 (1)

Pija r +~ (ivv = P 0 (2)

In equations (1), (2), and (3), p denotes density, vi denotes the ith com-

ponent of velocity (Cartesian components), xi the corresponding space coordi-
nate, Pij the compressive stress tensor consisting of a pressure term P6ij

(6ij is the Kronecker delta function), and Tij the viscous stress tensor. It
is characteristic of Lighthill's development of the jet noise problem that he
used the momentum equation in Reynolds form and that he made no use of the
energy equation (which for an inviscid, nonheat-conducting gas of specific
heat ratio y would be

= y Dp
Dt p Dt

* with D/Dt denoting a differentiation following the fluid). It should be noted
that equations (1) and (2) assume the absence of any explicit mass or force
sources in the fluid, and are thus tailored to reveal noise sources in the
absence of any obvious sources such as unsteady combustion, struts (which may
induce fluctuating forces), etc. This development is certainly pertinent to

* The word "unstable" is only intended to convey that it is the instability

of a jet exhaust flow that causes the generation of the intensely turbulent
free shear layers. It is not intended to imply the presence of resonant
or ordered structure phenomena.
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jet noise since it is hoped that the burning, etc., is complete by the time

the flow leaves the nozzle, and struts, etc., are usually absent in the ex-

haust plume.

By taking )/Dt of equation (1) and D/3x i of equation (2) and sub-

tracting the latter from the former, one arrives at the Lighthill equation

(which is an exact equation), namely

a 2 a 2 v2 = 32 (T.2.) (4)
02 0 a = x 3x j rij 1(4)

where Tij = pviv* + (p - ao 2 )ij - Tij. The term a0 is (so far) any con-

stant velocity, but for low Mach number, unheated flows at least, it will be

convenient to take ao as the undisturbed speed of sound, thus eliminating
(approximately) the term (p - a0 20)6ij in Tij. In equation (4), the usual

convention that repeated indices imply summation over the repeated index from

I to 3 is followed.

The ingenuity of Lighthill's manipulating equations (1) and (2) to lead

to (4) notwithstanding, it is important to note that a somewhat deeper idea

than mere manipulation is involved in the development of equation (4).

Source-free linear acoustics of a uniform, homogeneous medium is governed by

the equation

L 0 0 = 3t - a0V P = 0 (5)

On the other hand, if sources, say s(x, t), are present, equation (5) would

be modified to

L = s(x, t) (6)

Based on equations (5) and (6), one may say that, in attempting to cast the

jet noise problem in the framework of classical, linear acoustics of a

stationary, uniform, homogeneous medium, Lighthill saw that noise sources
arise in this §nalogy to the extent that in a fluid flow 2p/at 2 is not

balanced by a0 V
2 p. In other words, if one wishes to draw an analogy to the

linear acoustics of a stationary, uniform, homogeneous medium, the sources

are precisely the extent to which the pertinent wave equation for such a flow
(L0 p = 0) is not satisfied. The ingenuity of Lighthill's formulation is, of

course, in showing that this residual or imbalance was exactly 32 /axiaxj

(Tij).

Retarded time solutions to equation (4) can be written down formally,
but they show immediately that no further progress can be made unless intui-

tive assessments are made of the "source" term Tij. Lighthill argued that

with a0 taken as the speed of sound in the undisturbed medium and neglecting

viscous stresses the dominant part of Tij would be Pvivj. To make further

18

!Mas



I4

progress, he assumed that (pviv j ) could be approximated by ) vtivtj, where pj
is the mean jet density and vti the nonacoustic portion of tAe fluid veloc-
ities. If these arguments are accepted, the source terms can then be esti-
mated, at least on a similarity basis.

The second key idea that Lighthill advanced relates to the consequences
of the source term appearing in equation (4) as a double divergence. The
physical result that he deduced was that jet noise was due to a large number
of small, statistically independent volumes (called eddies) with each of
these eddies contributing noise of a quadrupole character. To understand
this, one must first note that if the spatial extent over which the pvivj
term of Tij is correlated as small compared to the wavelength of the emitted
sound, the source region is what is termed "compact" in acoustic terminology,
and can be treated essentially as a point source*. Mathematically, at a given
frequency, one would approximate Pjvtivtj by a three-dimensional delta func-

tion representation as pjQ6(R) exp (jwt). To decide when the source regions
are indeed compact, a dimensional argument must be resorted to, as fol-

lows.

If k denotes a length scale of the eddies and u the value of the veloc-

ity, Lighthill points out that the associated frequency will be proportional
to (u/Z), so that the ratio (i/X) (X being the wavelength of the emitted
sound) will be proportional to (u/a0 ). Based on this, one may say that, if
the flow Mach numbers are small, the eddies are likely to be compact. The
condition of low Mach number flows by itself is too restrictive and not very
interesting because jet flows are not noisy at low Mach numbers.

To cope with the high Mach number jet noise problem, Lighthill points
out that the eddies that create jet noise are convected with the flow, and in
their own frame of reference are actually decaying rather slowly (hot film
measurements of jet flows with two spatially separated probes confirm this).

The reader is referred to Lighthill's papers( 4 ,5) for a fuller exposition of
these ideas. The end result is that when eddy convection is accounted for,
the resulting source compactness condition is that the turbulent (fluctuating
velocity) Mach number (Mt) must be small. The reasons for this modified
condition are that a frozen, subsonically convecting pattern generates no
sound and hence only the time variations (frequencies) in the eddy's own
(convected) frame of reference create sound. These frequencies (in the

eddy's own frame of reference) are proportional to (u'/Z) where u' is the
fluctuating velocity. The condition that M t be small is likely to be met even
for high speed jets, since turbulence levels (referenced to the jet exit velocity)

rarely exceed 15% or so. Thus, even for a Mach 2.0 jet, Mt will not exceed

0.3.
There is a small price to be paid for this ability to cope with high jet

Mach numbers; the linear acoustic theory has to be developed to handle the
problem of radiation from convected quadrupoles, and the usual Doppler

effects on frequency, pressure amplitudes, directivity, etc., have to be
considered. The development o[ the consequences of convection of the quad-
rupoles was a major contribution of Lighthill's analysis.

* As will be pointed out shortly, it is neither physically desirable

(especially in dealing with high )et velocities) nor mathematically
necessary to assume source compactness in let noise theory. Source non-
compactness effects were first treated by fowcs-Wi 11 Lams (6) and Rihner ( 7 )

and are fullV accounted for in this report though the Li ghthill notion of
ascribing jet noise to a large number of statistically independent volumes
is retained while accounting for source noncompactness effects within these

VO times. 
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Analtyical details of how to solve the problem of radiation from con-
vected quadrupoles (within the framework of classical, linear acoustics of a
uniform, stationary, homogeneous medium) are given in Lighthill's papers, and
the details of the procedure are not repeated herein. The purpose here is to
summarize broadly the predicted results.

The results can be classified into: (1) those associated with noncon-
vective aspects, and (2) those associated with the convection of the eddies.
The principal type (1) result is that the acoustic power radiated by a point
quadrupole of strength Q and frequency o) is proportional to -4Q2 . Since the
frequency itself scales as (u/Z) and since, for a given nozzle geometry, k is
expected to be insensitive to jet velocity and jet temperature (at least as a
first approximation), Lighthill's formulation predicts that jet noise power
at low jet Mach numbers (and the mean square pressure at any given far-field
angle) would scale as p 2Uo when jet velocity U and jet density are varied
(note that the quadrupo e strength Q itself would vary as p1 U

2). It is worth
repeating that the eighth power velocity law is crucially related to the point
quadrupole nature of the jet noise radiation. The point quadrupole nature of the
sources in turn exist not only because equations (1) and (2) can be manip-
ulated to yield equation (4), but also because the most important part of Tij
is estimated to be Pvivj and because it is further assumed (confirmed by
experimental observations) that the Reynolds stresses (vivj) are correlated
over lengths small compared to the acoustic wavelength corresponding to the
frequency at which the eddies radiate.

The convective aspects of Lighthill's results will now be stated. The
result for the acoustic pressure of a convected point quadrupole is that its
pressure is modified from that of a stationary point quadrupole as

PS

(i - M cosO) 3 (7)

c

where PM is the pressure of the moving quadrupole, Mc is its convection Mach
number (referenced to the speed of sound of the uniform, homogeneous, sta-
tionary medium through which it moves). The angle 0 is the angle made be-
tween the source-observer direction and the line of source motion, with the
source position taken at the instant where the source was when it emitted the
radiation reaching the observer at current time. The pressure PS is that
which a stationary source (located at the retarded position) would produce at
the same far-field location. Equation (7) has the restriction that it is
valid only for point quadrupoles convecting at a uniform velocity.

In applying equation (7) to the jet noise problem, Lighthill suggested
that the mean square pressure would vary as

2
< 'I

S, 2 (6 (8)
(I - M cos)

6
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Ffowcs-Williams( 6) and Ribner (7 ) showed, however, that two changes need to be
made to equation (8) before it can be applied to the jet noise problem.
First they showed that when the integration over a finite jet volume of a
large number of statistically independent eddies is carried out, the proper
factor in the denominator of equation (8) ought to be (1 - Mc cose) 5 rather
than (1 - Mc cose) 6 . The eddy convection velocity by measurement for round
nozzle flows is found to be roughly 65% of the ideal jet exit velocity.

The second modification introduced by Ffowcs-Williams and Ribner is of
considerable importance. Note first, that if the frequency of the eddy in
its own frame of reference is w0, the frequency of the emitted sound in the
far field is given by the Doppler shift formula w0 /(l - Mc cosO). This means
that however small c'i0 might be, for supersonic eddy convection (Mc > 1), the
observed frequency along the direction 0c = cos-l(l/Mc) is infinite and the
associated wavelength is zero. This means that however small the correlated
source region, it cannot be regarded as compact along the direction Oc .
This difficulty with the original Lighthill result (a foretaste of which is
that equation (8) "blows up" or is singular at Mc cos = 1) led Ffowcs-Williams
and Ribner to independently develop a more generally valid result,

p2U8

KL, 2) 15/U (9)
[(1 - M coso)

2 + a2 Mc 20/2

where a2 is a semiempirical constant (noncompactness parameter) allowing for
finite eddy correlation volumes.

Essentially, the picture of jet noise prediction that emerged in the
early 1960's or so was as follows. The total acoustic power was predicted
and measured to vary as U8 at low jet velocities transitioning, to a U3 - law
at high jet velocities. The directionality was predicted to be basically as
[(1 - Mc cose) 2 + a2Mc2 ]-5 2 with Ribner's( 7) development predicting an addi-
tional cos 2e type dependence at low frequencies. The spectral distribution
for geometricall, similar nozzles was predicted to scale such that fZ/Vj was
constant. This last result was not so much an insight from the Lighthill
equation as simply based on dimensional rt'asoning. Mhen jet temperature was
changed (keeping jet velocity constant), by virtue of the fact that jets are

b essentially constant-pressure flows, jet density will also be changed and the
theory suggests that noise power and mean squared pressure would vary as pj2.
In subsequent work, Lighthill suggests that because jet noise arises from the

mixing of the jet with the ambient, the strength of the quadrupoles ought to
k4 be taken as proportional to (pj + 0o)/ 2 where p0 is the density of the am-

bient fluid rather than just to Pj. Hence, he suggested that the variation
with jet density might be expressible as a power law pjw , where w lies be-
tween 1 and 2.

Apart from the source aspects (such as low frequency shear noise), the

predictions of the Lighthill theory, whether for the U8 -law, the p. to the

power 1 to 2 dependence, or the [(l - Mc cosO) + a2Mc2 ]-5/2 directivity, are

not noticeably frequency dependent.
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The Lighthill theory led to at least two notable ideas for jet noise
suppression. Since the thrust of a jet varies as AiVj 2 (where Aj is the jet
exhaust area) and its acoustic power as AjVj8 , it is easily demonstrable that
jet noise could be reduced at constant thrust by raising exhaust area and
lowering jet velocity. The high bypass ratio fan engine is an embodiment of
this concept, and indeed by and large, the noise of these engines (especially
the ones that power the wide bodied transports averaging bypass ratios of
5:1) is not dominated by jet mixing noise at all. For straight turbojet
cycles, ideas due to Greatrex(8) and others led to the notions of "mixer"
nozzles such as the daisy nozzles. The exact basis by which such nozzles
serve to reduce noise was not completely understood, but it seemed clear that
at least one ingredient in the reduction was the tendency for these nozzles
to produce enhanced jet mixing by allowing for greater entrainment (as com-
pared to a circular nozzle), and thus reducing the integrated value of the
Lighthill stress tensor (pvivj).

The experimental data in the early 1960's tended to confirm several of
the Lighthill predictions in the gross aggregate. Peak overall sound pressure
levels, overall power levels (abbreviated as OAPWL), etc., showed the U8 - U3

behavior. The directivity of the overall sound pressure levels tended to
follow roughly a (1 - Mc cosa)-5 type variation with M, taken as 0.65 Mj. The
predicted density dependence was, however, never checked out carefully. When
nozzle size was varied (other things being kept equal), frequencies do scale
inversely as the length ratio but when jet velocity is varied (other things
being held fixed), the measured far-field frequencies do not appear to scale
linearly with velocity as would be expected from the notion that (fk/V) stays
constant.

One of the first measured discrepancies from the Lighthill theory was
the fact that the directivity of the high frequency noise in jets with sub-
sonic eddy convection velocities often did not follow the predicted (1 -
Mc coso) - 5 directivity, but exhibited a heart-shaped dip near the jet axis.
Another significant discrepancy was what has been picturesquely termed by
Ribner as the "reverse" Doppler shift. If one measured jet noise from 0 = 0
to 6 = 900 (again for convenience restricting oneself to jets with subsonic
eddy convection velocities), one would expect from the Lighthill theory that
the sound field at shallow angles would be dominated by higher frequencies
while that at the more broadside angles would be dominated by lower fre-
quencies. This is because, by the Doppler shift formula, the emitted fre-
quency is related to the source frequency w0 by the expression wn/(l -

b Mc cosO). Actual measurements exhibit the reverse tendency, with the sound

pressure level at 900 to the jet axis often being peaked at a frequency three
times higher than that at 0 = 300. Ribner(9 ) has explained this "reverse"
Doppler shift as due to two features. First, Ribner's self noise - shear
noise decomposition itself shows that the low-frequency noise will be biased
towards the jet axis, whereas the high-frequency noise is omnidirectional.
Second, Ribner points out that the mean-flow velocity and temperature pro-
files would refract away the high-frequency sound from the jet axis. Indeed,
Ribner and his students performed several experiments in the mid-1960's with
artificial sound sources (discrete frequency point sources) in jet flows

.7 which exhibit heart-shaped dips close to the jet axis in the far field quite
similar to jet noise data itself.
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A series of experiments conducted by Lush (I0 ) were notable for the fact
that for subsonic unheated jets, over a range of velocities [91.4-304.8 m/sec
(300-1000 ft/sec)], an attempt was made to make a fairly detailed theory -
data comparison with the Lighthill theory.

Lush begins (in terms of theory - data comparison) by noting that, from
the Lighthill theory, one would expect the far-field acoustic pressure on a
given arc (for a given nozzle exhausting into a given ambient) to vary as

V . F (0, U)0) G( 0 )Kp2 0 C0, (1 -Mc (10)
U - M cosH)5c

where w = wo(G - Mc cos9).

In equation (10), F1 (0, w0 ) would be the intrinsic directionality of the
sound at a source frequency w0 and G(GO ) the intrinsic source spectrum [not
predicted at all by the Lighthill theory but determined in principle by
knowledge of the turbulent dynamics of the eddy in its own frame of ref-
erence]. Lush assumes that F1 (0, oO)) is essentially unity (i.e., he takes
the intrinsic directionality to be omnidirectional) and also neglects the
(a2Mc2) type correction in the denominator of equation (10). His experiments,
being with subsonic jets, involved M. < 0.65, so that the (a2Mc2 ) term was
always small compared to (I - Mc cos0)2. To avoid the need to know G(wO),
Lush examined the variation of (p ) (0, w) with fixed t0 and varying 0.
Finally, in seeking to collapse data from different nozzle sizes, and at
different velocities from a given nozzle size, Lush examined the directivity
at fixed values of [wod/2n1UJ, where U is the jet velocity. This procedure
involves determining the directivity at fixed-source Strouhal numbers and
entails examining the far-field acoustic pressures at a frequenzy dependent
on the angle, i.e., at [w0/(l - Mccos0)]. Also, a suitable value of Mc must
be assumed, and Lush chose the traditional estimate of Mc = 0.65 Mj. Since
Lush was working with room temperature air jets operated at subcritical
pressure ratios, the variation of p 2 in his experiments was quite small and
therefore negligible. Consistent with his assumption of an omnidirectiona -
FI (e, w0 ), Lush expected (from Lighthill's theory) that the variation of

(C, w) at fixed (w0 , U) would vary with e as (1 - Mccose)-5 . At fixed (0, w)
the variation with U would be as U8 /(l - M cos0) 5 . Data for (l - MccosB)d/2vU

b from 0.03 to 1.00 (which brackets the range of frequencies occurring in jet
noise quite well) was examined by Lush. With regard to the directivity at
fixed-source Strouhal numbers, he found that an expression of type (1 -
Mc coso)- 5 overestimates the variation with angle of the measured data athigh source Strouhal numbers, and conversely, at low Strouhal numbers the
variation is underestimated. Similarly, at shallow angles to the jet axis
and at high frequencies, U8 /(l - Mc cos6)5 overestimates the measured varia-
tion with U, and conversely, at shallow angles and low frequencies the mea-
sured variation with U is underestimated by this expression. At large angles
to the jet axis, Lighthill's theory and ideas work fairly well. For example,
at e = 900, the pressures scale very well as U8 and the peak frequency scales
extremely well at U/d. Correspondingly at shallow angles, e.g., at 6 - 30*,
the peak frequency appears almost insensitive to jet velocity.A
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It is appropriate to note the rather significant discrepancies from the
Lighthill theory found bv Iloch, et al(11) in the area of heated jet noise.
As mentioned earlier, the Lighthill theory leads one to expect that the mean
square pressures (as well as the acoustic power) will vary as pjw where w
lies between 1 and 2 when jet density alone is varied. Measurements by Hoch
and his colleagues of this "jet density exponent" w showed it to be a strong
function of logl0 (Vj/Co) where Vj is tile jet velocity and Co the ambient
speed of sound. Often, w is negative for V. -- Co being as small as -0.5, while
w approaches 2 for Vj/C o approaching and exieeding 1.6. Heating the jet flow
(at constant Vj) also tends to bias the relative power spectrum towards lower
and lower frequencies.

The estimation by Lighthill that (pvivj ) is the most important part of
Ti,, and his subsequent approximation of it by (pjvtivt ), has proved most
va uable in providing key insights into the jet noise problem as evidenced
by the previous discussion. It is also true, however, that this approxima-
tion essentially suppresses all effects associated with the influence of the
mean-flow velocity and temperature environment of the jet, i.e., convection,
refraction, and shielding of the radiation from the moving eddies.

This neglect of mean-flow effects in the Lighthill development was
pointed out by several writers in the 1960's, notably Ribner(7), Powell( 1 2),
Phillips(13 ), and Csanady(1 4). 'he rei-racuLon effect alluded to earlier is,
of course, one example of this. Powell (12) pointed this out by stressing that
convection of the elementary quadrupole generators leads to a difficulty with the
theory. Since the mean square pressure of a conglomerate of moving quadrupoles is
different from that of a stationary one by the factor (1 - Mc cose)-5, by integrat-
ing this factor weighted by sin o (to account for the solid angle) from 0 = 00 to
o = r, one can show that the acoustic power of the moving quadrupole oulhi to
be greater than that for a stationary one by a factor (1 + Mc2)/(l - Mc )
This means that from the Li hthill theory, one would expect the overall power
level to vary as U8 (1 + McL)/(1 - Mc2 )2 . As Powell points out, based on this,
one can expect not just an eighth power law but a power law with a velocity
exponent ranging from 9 to 16. Experiments, of course, show a faithful adher-
ence to an eighth power law. Lighthill himself was aware of this difficulty,
but felt that the turbulence intensity of jet flows (as a fraction of the jet
velocity) diminished with increasing jet Mach number in a manner sufficient
to restore the eighth power law. The faithful adherence to an eighth power
law of the overall sound pressure level (OASPL) at 90' to the jet axis, how-
ever, fails to support this contention. Ribner, Powell, and Csanady have
suggested a much more reasonable resolution. Consider an eddy moving in a
jet flow. The reason that the eddy moves is, of course, that the jet fluid
moves. Relative to its immediate environment, the eddy is actually not moving
at all. At high frequencies in particular, one would expect the power radia-
tion of the eddy to be governed by its immediate environment, and since the
eddy has no velocity relative to this environment, one would not expect "con-
vective amplification" at high frequencies. (Thi enhancement of power in the
Lighthill theory by the factor (1 + Mc)/(l - Mc )2 is often referred to as
"convective amplification.")

/
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The ideai of systematically accounting for the effect of the jet flow
on the radiation by the quadrupoles was pursued intensively first by
Phillips( 13 ) and subsequently somewhat more completely by Lille)15). To
explain this idea, Lighthill's notion that jet noise sources arise to the
extent to which some "standard" source-free wave equation is not satisfied

is employed. In Lilley's development, the standard equation chosen is
not the equation governing wave propagation in a stationary, uniform, homo-
geneous medium. Lilley notes that to a rough, first approximation, the jet
flow may be treated as a constant pressure, parallel sheared flow. The equa-
tion governing wave propagation in this type of flow is the Orr-Sommerfield
equation often used to study the stability of such flows. Symbolically
denoting this by LOS(p') = 0, Lilley attempts to determine by using the full
equations of motion the extent to which Los(p') # 0. This exercise may be
symbolically summarized by saying that

LO S (p') = S (X, t) (11)
Lilley

The problem with equation (11), however, is that it is not so easy to esti-
mate SLilley from the full equations of motion. Lilley assumes the follow-
ing: (1) the mean-flow is at constant static pressure, (2) the gas is in-
viscid, nonheat conducting, and of constant specific heat ratio Y without
any externally imposed heat, mass, or momentum sources, (3) all field vari-
ables decompose into a steady and fluctuating part, e.g., ui  ui + u'i,
where an overbar denotes a time average or steady part (also let r denote
log (p/PO) where Po is a reference pressure and c the local speed of sound),
(4) the mean-flow is unidirectional and depends only on one transverse coor-
dinate x2 , i.e., U i = V (x2 )61 1, (5) whenever second order products of fluc-
tuating quantities such as r'u i, r2, (c2)'u', (c2 )'r' appear, they are
neglected (however, second order velocity products such as u'iul are re-

tained), (6) c2 is only a function of x2 . By subtracting the time averaged
portions of the equations of motion from the full equations of motion (using
the six assumptions previously listed), and defining DDt as

D + V(x2) 9- '
5t at 2 a

Lilley shows that one can develop an equation of type (11) as follows:

D P(r') + dV a .23r
Dt3  dx2 X c ax 2

2 1

k4 a 22 a (ul u'k
D a Z2 ar' )--2y dV 22 k)

t ax dx 2  axlON

Dt D 2 (u 'iu J )

+ a (12)
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From this point on, Lilley's equation (12) is followed through in terms of
application to jet noise in a manner similar to Lighthill's equation. The
quantity r' for small values of p' relative to Po may be shown to be equal
to (p'/po). Taking u'i on the righthand side of equation (12) to be the
known, solenoidal, turbulent velocity fluctuations, (12) provides an inhomo-
geneous Orr-Sommerfield equation for (p'/po) much as Lighthill's theory pro-
vides an inhomogeneous uniform, homogeneous, stationary medium wave equation.

Several assumtpions have to be made in arriving at equation (12), but

granting the validity of these assumptions, a source term is obtained in
equation (12) which is purely quadratic in the fluctuating velocities, unlike
Lighthill's equation (or Phillip's (13 ) equation which was a predecessor to
Lilley's equation). While there is no doubt that Lighthill's equation is
exact and thus contains, in principle, all the physics of jet noise (but then
so do the full equations of motion), it also seems that precisely because in-
tuitive estimates of source terms are ultimately involved, Lilley's develop-
ment is better tailored to the high speed, high temperature jet noise problem.
It is, however, only proper to note the limitations of Lilley's equation. It
neglects jet spread by assuming a parallel, sheared flow. It assumes the jet
flow to be at constant static pressure. With multielement suppressors under
static conditions, significant variations of "base" pressure occur, thus,
making the constant static pressure assumption questionable. Despite the fact
that the neglect of terms is carried out systematically [assumption (5)], it is
true that Lilley's development assumes fundamentally that jet mixing and jet
noise is a process that can be regarded as a small perturbation about a
parallel, sheared flow. Since fluctuating velocities as high as 40% of the
local mean velocity are common, and even local flow r "ersals can occur in
jet flows, a "small perturbation" assumption can cle _y be questioned. It
is not as easy to solve Lilley's equation as it is to solve Lighthill's equa-
tion. In particular it is noted that it is almost impossible to solve
Lilley's equation when the jet cross section is not axially symmetric (e.g.,
for a rectangular jet or a daisy nozzle, etc.).

A final objection to Lilley's equation arises from the fact that it is
an inhomogeneous Orr-Sommerfield equation. Since there are unstable solutions
to the homogeneous Orr-Sommerfield equation, it is clear that even without
any "sources" equation (11) can yield solutions that yield acoustic radiation
in the far field. The only solution to the homogeneous form of Lighthill's
equation a2 p/ot 2 - a 2V2p = 0 satisfying the outgoing wave radiation condi-
tion in the far field is the trivial solution p E o.

While this difficulty with Lilley's equation is still a matter of con-
btroversy, it is felt that since Lilley's approach could be regarded as a

passive analogy approach similar to Lighthill's, there is no need to avoid
using it on the basis of the possibility of unstable solutions to the homo-
geneous Orr-Sommerfield equation. The motivation to use an equation of the
Lilley type is that practically all the previously cited discrepancies be-
tween the Lighthill theory and experimental data can be resolved if we
systematically account for acoustic/mean-flow interactions on the basis of
an equation of Lilley's type. Acoustic mean flow interactions affect jet
noise radiation in several ways. First, the mean temperature and velocity
fields of the jet flow cause the radiated sound to be refracted generally
leading to a dimunition of sound pressure levels close to the jet exhaust
axis, expecially at high frequencies. Second, as recently recognized, the
mean flow structure around the radiating eddies provides an acoustic impedance
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environment that fundamentally alters the radiation efficiencv with which the
eddies radiate from what it would be if the eddies radiated into a stationary,
homogeneous medium (as assumed by Lighthill). The latter aspect is a feature
that has long been recognized in the nonaeronautical acoustic disciplines,
e.g. , in architectural acoustics, where it is well known that the radiation
efficiency of a source is a function of the impedance environment that it is
exposed to. The acoustic-mean flow interaction is strongly frequency dependent.

It should be reiterated that the developments to follow in this report
have in fact retained several key ideas of the Lighthill theory. The two
most important of these ideas are (1) the idea of identifying the "residual"
from a standard wave equation as the source term for jet noise, and (2) the
recognition of the convected, compact, quadrupole nature of the eddies. A
mixing analysis is used to derive the evolution of the mean velocity and
temperature of the jet plume downstream of the nozzle exit plane. The
analysis is based on Reichardt's inductive theory of free turbulence.
Reichardt's theory is undoubtedly considered simplistic by many workers in
the turbulence modeling area, but because the governing equations in
Reichardt's theory are linear (for the axial momentum and enthalpy fluxes),
it is the only technique that allows construction of ouite complex let flow
fields with relatively simple mathematics. This capability is rather impor-
tant since it is necessary to have a capability to handle flow fields from
complex nozzle shapes such as dual-flow systems, lobed nozzles, etc.

Having mapped the jet plume in terms of the mean velocity and mean tem-
perature, the jet is broken up into a large number of elemental volumes.
Similarity arguments essentially derived by Davies et al(16 ) are next used
to associate a quadrupole strength, quadrupole convection velocity, quadru-
pole self-oscillation frequency w0, and a source spectrum (peaked at 00)
with each volume. As an example, Davies, et al show by measurement that
0 is proportional to dV/dr for round jets (where r is a radial coordinate).
The local mean velocity and mean temperature profile at the axial station
where the elemental volume is located are used in the acoustic thecry (based
on Lilley's equation (12)] to obtain the far-field SPL spectrum generated
by each elemental volume. Summing up all the elemental volume contributions
in a mean square sense (i.e., treating the jet, as suggested by Lighthill, as
a large assemblage of uncorrelated elemental generators), the total far-field
SPL spectrum is obtained. Note that the method considers analytically all
aspects of the jet noise problem known to be important, namely evolution of
the mean properties of the plume, relevant quadrupole parameters such as
convection velocities, source frequencies, etc., and the influence of the jet
flow and temperature profiles on the radiation by the eddies. Some empirical
constants are involved, especially in the mixing analysis and relation of
quadrupole parameters to the mean flow properties, but the end result is a
prediction of absolute sound pressure levels in various one-third-octave
bands at any angle and radius in the far field, given the nozzle exhaust
geometry and distribution of temperature and velocity at the nozzle exit
plane.

Shock-associated noise arises with supercritical operation and associated
underexpansion of the flow (unless carefully contoured nozzles are used to
avoid underexpansion) leading to shock waves in the flow field aft of the
nozzle plane. Shock screech involves a feedback mechanism and can result in
pure tones of very high inensity, but, fortunately, a very high degree of
nozzle symmetry and upstream smoothness seems necessary to produce screech.
Practical jet configurations, especially heated engine flows, seem to be free
from any significant screech phenomena.
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The mec han ism by whiCh shocks kcn produce br,;idb;ind noise has been known
tor several \ears. In a uniformly flowing, homogeneous medium, three linear-
ized unsteady modes of motion can be identificd, namely, sound waves, shear
waves, and entropy waves. To first order of smallness, such modes propagate
independently of each other but if the flow has very steep gradients in local-
ized areas, even to first order, mode scattering or mode conversion can occur
whereby, for example, a shear wave produces sound and entropy waves, etc.
Shocks in the flow obviously create such localczed steep gradients in the
flow, and since turbulence in a flow can be thought of as a superposition of
shear waves, it is easy to see that there is a situation of shear wave -

shock interaction leading to sound production.

A semiempirical model for shock-associated broadband noise based on shock-

turbulence interaction has been developed by Harper-Bourne and Fisher for

round convergent nozzles and has been found to be extremely useful in pre-

dicting this component of jet noise. The physical picture employed by

Harper-Bourne and Fisher is that as the turbulent eddies convect through the

shocks, they generate broad band noise at each encounter. In addition,

however, to the extent that the eddy is coherent between two encounters, an

"interference" spectrum also will be produced. The adaptation of the Harper-

Bourne and Fisher method used herein considers both these sources.

The prediction procedure outlined previously can then be modified to
add on (in a mean square sense) a shock-noise component (as discussed above)
to the previously discussed "turbulent mixing" noise. Extensive theory and

data comparisons for conical nozzles, dual flow systems of both the conven-
tional type and the inverted flow type, and multielement nozzles (and for

certain cases with flight) are presented.

Several additional analytical items not directly relevant to the unified

aeroacoustic method were also developed during this program. While the final
method used treats the jet flow as a parallel, axisymmetric sheared flow,
several approximations of the jet flow as a plug flow were also developed dur-
ing the first phase of the study. One of these is tailored to reveal acoustic
shielding phenomena in a noncircular jet. The motivation here is that such
noncircular jets are known to display the phenomena of "quiet" and "noisy"
planes. Expressions for the power and directivity of convecting sources
shielded by an annular plug flow jet were also developed to provide a basis

for examining the test results of Section 6.2. A plug flow model relevant to
the prediction of conventional bypass coaxial jet noise was also developed.
In both Sections 4.2.1 and 4.2.3, theory - data comparisons are presented.
In Section 4.8, physical shielding theory relevant to shielding by wing-like

surfaces and by semi-infinite pipe like enclosures (relevant to possible

physical shielding benefits of ejectors) is developed.

k 4The above overview has attempted to give a perspective of how the basic

ideas of jet noise have evolved since Lighthill's work and how the proposed
aeroacoustic prediction method is founded on the latest advances in jet noise

theory.
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4.2 PLUG FLOW MODELS

4.2.1 Low Frequency Model for Noncircular Jets

A low frequency asymptotic theory for the shielding of noise by jets of
arbitrary cross section is discussed in this section. The results of the
theory provide an explanation for the appearance of the quiet and noisy
planes of a slot jet. The arguments in favor of this explanation are derived
from a model problem in which a pulsating mass source is convecting a±long the
axis of an infinitely long column of fluid of arbitrary cross section. The
method of matched asymptotic expansions is applied to derive expressions for
the radiative power and the acoustic pressure of the source.

The solution for the elliptic jet indicates that the radiative power in
the horizontal plane (containing the major axis) is less than that for the
vertical plane (containing the minor axis). This difference in power varies
with source Strouhal and jet Mach numbers. The effects of jet temperature
are also included in the analysis. The theoretical results for the sound
pressure level are in reasonable agreement with experimental findings for
slot nozzles. The theory indicates that acoustic shielding offered by jets
is most important at high frequencies and at high Mach numbers.

4.2.1.1 The Radiated Power

4.2.1.1.1 Introduction

The work of Mani (17) concentrates on shielding offered by circular jets.
It is natural to extend his results to jets of arbitrary cross section. The
purpose of this section is to show how such extension can be carried out at
low frequencies and to assess the effect of noncircularity on acoustic
shielding. It should be borne in mind, however, that shielding is most
effective at high frequencies so that a low frequency theory can, at most,
indicate trends as the frequency is increased. (By comparing the present
approximate results to Mani's exact results for a circular jet, an upper
limit for the validity of this low frequency theory can be established. This
upper limit is reasonably high so that a low frequency theory can provide
useful information even for moderately high frequencies.)

Considerable experimental evidence (Olsen(1 8 ) indicates that the noise
characteristics of noncircular jets at high frequency are a strong function
of the specific plane of measurement. Not only are the spatial distributions
of the pressure level different, but alsc the power radiated per unit polar
angle varies with the angle itself (Figure 4-1).
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In this section, it is shown that a plausible explanation for the
appearance of the quiet and noisy planes is acoustic shielding. The argu-
ments in favor of this explanation are drawn from the results of a model
problem.

The formulation of the problem parallels that of Mani (7)quite closely.
It is assumed that the jet velocity profile can be sufficiently repre-
sented by a constant velocity profile (i.e., by a plug flow jet). Cer-
tainly, at low frequencies, the precise form of the radial gradients could be
handled by an extension of this asymptotic theory. The basic idea is to
divide the flow regime, in the sense of matched asymptotic expansions, into
two regions, one in the vicinity, the other distant from the jet. In the
inner region the axial gradients can be neglected since the appropriate
length scale is the diameter of the jet. On the other hand, the pressure in
the outer region obeys the classical wave equation so that the velocity (or
its gradient) does not enter in the outer solution. The basic approach used
in this section is also applicable to slow axial variations in the mean flow.

4.2.1.1.2 Formulation of the Model Problem

It is assumed that the acoustic field obeys a linear wave equation of
the form

+ 2-C 2 C 2 (13)

where D is the velocity potential, D is the disturbance that generates the
acoustic field, t is time, x is an axial coordinate along which the fluid
velocity is (I + (Dx) where U = const*. The undisturbed speed of sound is
represented by the constant c and A V2 is the Laplacian in the transverse
coordinates. Physically, equation (13) represents the propagation of an
acoustic disturbance, whose fluid velocity is (4)x V (D) in a uniform stream
of speed U.

As with all partial differential equations, equation (13) is solved in
a specific space domain. This domain is illustrated in Figuire 4-1 together
with the appropriate values of ,cand the undisturbed density p. Thus,
for r < rj, U=U, c- = c2 , P2; for r > rj, U 0, c = c1, p = P1, where

r r.i(e) 0 < 0 < 2Tr (14)

is the equation of a doubly infinite cylinder.

Note that Uc .,etc., are assumed to be sectionally constant.
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Guided by the desire to maintain simplicity, to model the source term
D, it is assumed that

_1" *

D e t 6(x - Ut)f(r, )/a 2  i -l (15)

where w0 is a given constant and f(r, 0) is a given function such that f = 0
for r > rj. Physically, the source term represented by equation (15) is a
harmonically oscillating disturbance of frequency w , concentrated at a point
on the centerline given by x = Ut. In other words 2he source is convecting
at speed U in the positive x direction. The assumption that the source
convection speed is the same as the jet speed is made for simplicity and will
be relaxed in the next section.

Across the jet-quiescent region interface, the continuity of the pertur-
bation pressure, p, and the particle displacement are required. The assump-
tion of particle displacement continuity implies negligible mixing between
the jet and the surrounding medium. The expression for the perturbation
pressure is most easily derivable from the linearized x-momentum equation,
and is given by

p = -P(D t + U X )  (16a)

where p is the undisturbed density in the appropriate region. The particle
displacement, n, obeys

-n = t + L1I× (16b)

where a/n is the velocity normal to the mean location of the jet-quiescent
region interface.

The undisturbed static pressure is also continuous across the jet bound-
ary. This implies that for a given ambient condition, the jet density or
speed of sound (i.e., temperature) determines uniquely the undisturbed ther-
modynamic state of the jet.

The governing equation is hyperbolic, and it requires initial conditions
for uniqueness. These can easily be provided (for example, D = D/3t = 0 at
t = 0). In the present context, however, the interest is in the long time
solution and the initial conditions have negligible effect on this.

With the above preliminary remarks in mind, the time and x dependence
in equation (13) are extracted through Fourier transforms. Define

* "a" is a linear dimension characteristic of the nozzle size
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p. f e i~t 4 dt
47dt (17a)

€e = = e i~ t €D* dw
'IT (17b)

and*

i(W - o )x/UP* e 0- (17c)

After these transforms, the resultant equaLion for * is given in the
still-air region by

A¢* + k=(K1)2 0 (18a)

and in the jet region by

(18b)-+ = -1 f(r, i3)/a 2

o2+ ko(K2) (27T) 2 u
2 U

or

- k2 (K) 2  27T ) - C f(r, 6)/a 2

o2(27) c U C18c)

where ko : wo/cl.

The propagation constants K 1, K2 and K2 are given by

A (K+)2 = K2 
- (K - 1)2/M2  (19a)

After performing the Fourier transform in time, It is clear that the x depen-
dence of the solution must be of the form given by equation (17c). Note that
a Fourier transform in x also leads to (17c) after inversion.
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( )2 = '12 P21 - (K - 1)2/M2  (19b)

(K2 )
2 = (K - 1)2/M2 - r12 21 (19c)

where K =w /w , M = U/C1 <1, 21 = P2/Pl ' and r12 = 1l/r2 where

r - (1 - R/c p)-  (19d)

The gas constant is denoted by R, and Cp is the constant pressure specific
heat. An additional assumption in deriving equations (19b and c) is that
the gas is thermally perfect (but not calorically perfect).

The case K )  > 0 is relevant here (otherwise the far-field solution

dies off exponentially in the transverse variable), that is, 1/(l + M) < K <

I/(l - M). When (K) > 0, that is 1/(l + M) < K < i + M 7r1 2P21 equation
(18b) holds; otherwise (18c) holds.

The behavior of KI, K+ is shown in Figures 4-2 and 4-3 for parametric
values of M. In these figures, it is assumed that FI2P21 = 1.

To complete the present framework for the formulation of the problem,
the t and x dependence of the matching conditions for the interface are
extracted. In the still-air region, one finds that the transforms of equa-
tions (16a and b) are

p* =iPl W (20a)

" a n (20b)

and in the jet region

- .. 0  (20c)

- = B - (20d)

W0 a
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Thus the canonical problem to be solved is

S 2 f(r, 8)/a 2  (21a)

with boundary conditions across the jet interface

K I = p 2 1  2 (21b)

on r = r.

K (- 2 (21c)

where K2 stands for (K+)2 , (K+)2 or (K )2 . Note that 0 = - (2) 1/2c2 gf'-U

1(21 stns o 2 or 2K) 221
and 02 denotes the solution in the jet with 1 in the ambient medium.

It can be shown that, after taking the convective derivative, (a/at + U
D/ax), of equations (13) and (15), the following equations result:

-iw 0t

) 2 p - C2 2- Ap= p2 w0e 6(x - Ut)f(r, 6)/a 2 (22a)

and

Ptt - 1 p - AP =0 (22b)

in the jet and quiescent regions respectively. Therefore, the convective
derivative of the solution to equation (21a) provides the solution of equa-
tion (22). The left side of equation (22) is essentially that of Lilley's
equation with U and c sectionally constant. Also note that differentiating
the solution of equation (22) with respect to x once (twice) yields the solu-
tion for a generalized axial pressure dipole (quadrupole). Furthermore, by
specializing f(r, 0) to suitable singular distributions, the solution to any
point dipole or quadrupole field can be readily obtained. As an example, let
f(r, 0) = 6(r - ro)6(e - 0o)/r where ro and 0 are parameters. Differentiating
this solution of equation (22) with respect to ro and 60 yields the solution
for an (r - 0) quadrupole.

The above remarks imply that if the source solution (i.e., the Green's
function) to equation (21a) is known, the solution for an arbitrary forcing
function f(r, 0) can be written down by superposition. Since the jet has a
completely arbitrary cross section, the origin of the coordinate system can

3
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be placed at the source location. Thus the canonical problem can be replaced
by

A4 ± 2 K = 6(r)/r (23)

without any loss of generality. Boundary conditions [(21b) and (21c)] are,
of course retained.

4.2.1.1.3 Expansion of the Inner and Outer Solutions

It is convenient to introduce an inner variable r/a and rewrite
equation (23) as

+ 1 ;20 + C2 K2  = + 2 K 2  5r (24)ar rr ' h' r30K A +

where a denotes the characteristic size of the jet and c = koa. It is de-
sired to find an asymptotic solution of (24) as c - 0. For the time being,
it is assumed that K2 is about unity, and it is later shown how to improve
the asymptotic solution where K 2 is considerably larger.

The asymptotic limit £ - 0 clearly corresponds to a low frequency solu-
tion of equation (22).

Consider inner gauge functions 6 M (c) = (c/2 )2, logO(£/2) and expand
the inner solution, outside the jet, €[i) as

M 6 i= : O, M, ... M V 0 (25)
v, 1J U = 0, 1, V + 1

The form of the inner gage functions is suggested by the results of classical
slender body theory (Germain(20)). The supersonic flow over a slender body
is formally equivalent to the low frequency theory of a pulsating body,
[Miles( 21 ), Landau and Lifshitz(22 )]. Thus, it is not surprising that the

h same gage functions arise in the present problem that did in classical slen-
der body theory. After substituting equation (25) into (24) and collecting
like gage functions of E, there results

i: M¢4)'1 = 0 ("lowest" order solution) (26a)

log E: O = 0 (26b)

'p
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lI) 0 (26c)
22 12

log (i): Z() + 4K2  ) 0 (26d)
22 11 01

(L)2: AO 1  + UK2  = 0 etc.(26)
210 00(2e

Thus, the sequence of inner solutions satisfies Poisson's (or Laplace's)
equation. The inhomogeneous terms are either given or are known from the
lower order solutions.

Next an outer variable R = k0 r = cr is introduced, along with a sequence
of outer gage functions 610 () (to be determined by matching asymptoticallyVI)
the outer solution to the inner solution). Equation (23) can then be re-
written as

aR RR R 30 K~= 0(7

If the outer solution is represented by

then each term in the expansion obeys

(0) = 0 (28b)

VP

Clearly the sequence of outer solutions obeys the homogeneous Helmholtz

equation.

4.2.1.1.4 Inner and Outer Solutions and Results of Asymptotic

Matching

The inner and outer gage functions 6") and 6) are regrouped to form
a three-term asymptotic sequence to the required order of accuracy. Then the

first three terms of this new gage sequence are:

/
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S= 1, log (c/2), log2 (e/2) (29a)

67(E) = (E/2), (c/2) log (c12) , (c/2) log 2 (c/2) (29b)

63(E)= (e/2)2, (E/2) 2 log (:/2), (P/2) 2 log 2 (P/2) (29c)

The matching is done, term by term, for the coefficient of each 6n (n = 1, 2,
3). Such regrouping is absolutely essential for the success of the asymptotic
matching principle as given by Van Dyke(2 3). The reasons for regrouping are
thoroughly discussed in a series of papers by Fraenkel(24 ). The point here
is that a given function can be expanded in several different sequences of
gage functions 6 Q) and 6(). Since the function is given, there can be no
question on the validity of any of these expansions. However, not all of
these expansions satisfy the asymptotic matching principle of Van Dyke( 2 3).
In other words, it is possible to have a situation in which the expansion is
correct, but the inner and outer solutions cannot be matched. Such is the
case in the present analysis if term by term matching is required for the
gage sequences 6 M and 6(o) . If the regrouping is done according to equa-
tion (29), however, the inner and outer solutions can be matched. After a
step-by-step application of the asymptotic matching principle, it is found
that in the inner region (but outside the jet):

i A() + B"I) log + n -(cI) Cos ne + D(1) sin nO) (30a)
00 0l n

0(') A= 2 (30b)
01 0

12 0 (300)

A1 n lg( cos n9 + D 4 sin nO) (30d)

(1

- 2K2  (C 1 ) cos e + D sin 9) - K2  A (2)
1 0

/3
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5 + log i + n cos nO + sin nO)

- 2K 2  (log K + Ti )(C(1) cos 0 + D(l) sin e)

- K 2 A ( )  
- K2 B(1)  2(log )0 B0  2(g -- )

- 2K2 ' log c( I) Cos n + D) sin e)

+ K2 1 1 (C("'N cos nO + 0(1 sin n6)(3en =  2  
(30e)

where A() iBOn) (i) () (m = 1,2 .... n = 1, 2, ... ) are constants,
A ,B , C n  ,Pn •.m

y = 0.57721 (Euler's constant) and i = V. It is observed that the) lowest
order solution behaves as log r as r- - , and that both c {) and (2) are

constants (actually the latter result comes from matching inner an d outer
solutions to all orders). Thus the lowest order solu ijn is a "classical"
solution to Laplace's equation in the sense that (a 4'/ r) vanishes at
infinity.

Similarly, the matched outer solution is given by

~(0) = 1A01 + A 2 ( l2 og(jL) + A Ef)2 ] H~l)(KR)

+ (C)H (1)(KR)(A cos 0 + B1 sin e)

+() 2 H 1)(KR)(A 21 cos 20 + B21 sin 20) +

(31)

where A0 1 , A02, A0 3 , All, Bll, A21, and B21 are constants and Hn(1) (n = 0,
1, 2,...) are Hankel functions. The outer solution coefficients are given in
terms of the inner solution coefficients by
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A0 1  2 i B0 (32a)

A02  2i BM (32b)

A' G(5)
A0 3  2 - B (32c)

and

All = Ti K C )  
(33a)

BII = Ti K D I)W (33b)

A2 T1  K2 K ( (33c)21 2

B = Tri K2 D (33d)21 e-

Similarly, the inner solution constants are obtained from

A )  A01 [1 + i (log K + fl] (34a)0 01 Tr

A(2) _ 2i
0  T A 01 (34b)

A (3) 2i

0 7 02 (34c)

A 02 [1 4 (log K + ) + 2i0 A02 7-T A03

(34d)

A A [1 +?2i (log K +)]0 03 Tr

(34e)

'.
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It is observed that the outer solution is matched to the inner solution
outside the jet (i.e., both of these regions are in the quiescent region) so
that in this section K 2 is to be replaced by (K+)2 and V1) is the inner solu-
tion outside the jet.

The above results are obtained by a systematic application of the
"strict" rules of singular perturbations. In this particular example, it is
also possible to circumvent many of the algebraic steps that lead to the
final results, by observing that the outer solution can be written down to
any order of accuracy. Rewriting this solution in terms of the inner vari-
able and expanding in terms of E, there results

(o) =  H(1 )(KR)(, [ r n cos nO + Bn sin nO + ... (3 5a)

or

0 (0) = A01 [I + 2- (log i + log K +)]

01 -TV

- ci n (n (Ani cos no + Bni sin nO)

+ 2i log + (35b)TI A01 + ""

M(i + log(,) -V ) +  (350)

From equation (35), it is possible to deduce the form of (i) and the ela-

tionship between the near-field coefficients AO , BO(1), Cn(), Dn and
the far-field coefficients AOI, Anl, and Bnl. This relationship is given by
the asymptotic matching principle for n = 1, 2. Furthermore, it also appears
that ci) onstant, and that Anj and Bnl are proportional to Cn ( 1 ) and Dn(1).

01
'11w ,part of the nonsyi,tric outer solution is matched to the nonsymmetric

part of the lowest order inner solution.

4.2.1.1.5 Inner and Jet Solutions and Results of Matching Pressure
and Particle Displacement Across Jet Boundary

The sequence of inner equations (26) for the velocity potential is also
satisfied by the potential inside the jet, . Thus the lowest order solu-

tion inside the jet satisfies

.,(J0 = (36a)

42
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and an application of Gauss' theorem shows that

A df (J) ddo= 27 = ds (36b)

a 3a

where a is the jet cross sectional area, Ma denotes the jet boundary and ds
is the arc length along the boundary. Similarly, from equation (26a)

f-(i) d d=0 _ _ dsds 00 -T (36c)

where a is the annular area between the jet and a large circle of radius r.
The boundary 3M consists of two parts, namely, the jet boundary and the
circle. Combining equations (36b and 36c) and matching condition (21c)
yields

2Tr K 0ds (37)2 =  j an

circle

Finally, the contour integral in equation (37) is evaluated explicitly using
equation (30a). The result is

B ( ) = K (38a)0

By a completely analogous argument, it is found

= K a 1K)2 ;K 2  (K±)2 (38b)

and

B(5) = K + d do (K±)2 ) d d]
0 T[1 () d 2 00 (38c)a a(8)

Note that the interface matching conditions [equation (21)] were applied for
each coefficient of the gage functions. In particular, cS) = constant out-
side the jet implies that 0 1) = constant inside the jet.

The remarkable outcome of this asymptotic expansion is that the outer
field, to the required order, depends only on the lowest order inner and jet
solutions. Both of these solutions satisfy Laplace's equation.
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4.2.1 .1 .6 Cal ciulation -f the Acoustic Power of Lhe Source

The acoustic power of the source is calculated by integrating the product

of the pressure and normal component of the velocity over a large cylinder

enclosing the jet. The mathematical technique is fully described by Morse

and Ingard( 25 ).

Expressing the velocity potential in the far field as

-() 
H ( 1) (k0 K+ r)(A cos nO + B sin nO) (39a)

n

a comparison of equations (39a) and (31) shows that

A0 = A01 + A 02 (L)2 log(-) + A03 ()2 (39b)

A1  (2)A11  (39c)

B (L)B11  (39d)

A2 = ( )L A21  (39e)

B2  ()2 B2 1  (39f)

where coefficients An, Bn (n = 0, 1, 2, ... ) are, in general, complex.

The expressions for the perturbation pressure and radial cornprfent of

the velocity are given by the x-t Fourier inverse of equation (39a),

W0

i - H(1)(A cos ne
4exp[i(w - o)/U 0 n nP = -> )i t : -, C U J n

+ B sin n9)di

4(4a)
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Ld0

r 4T- 2 k 0 exp[i(w - w )X/U -iwt]K n H(1 ) (A cos nO

w0

1+M

+ Bn sin nO)d (40b)

and the radiative power of tne source is

27T

P P dO (41a)P=471 U c'
0

where 0

1M-in ZT
Pe w dw 7 e (An cos no + B sin nO) 2 (41b)nnnto0

1 + M

P it the total power Lnd Pe is the "power in a plane*" whose c entation is
determined by the polar angle 0. Observe that the integral for P6 is eval-
uated over a frequency range defined by the Doppler limits.

Consider now a very brief discussion of the Kelvi-Helmholz instability.
This classic problem has been examined by a number of authors including
Miles( 2 6), Batchelor and Gill( 2 7), and more recently by Jones and Morgan(2 8).
The conclusion of Jones and Morgan, although only qualitatively relevant to
the present problem, is that the long time solution of a harmonically pulsat-
ing source (switched on at t = 0) is a harmonically varying (in time) acoustic
field which contains an additive element that grows exponentially with dis-
tance downstream but decays exponentially from the jet interface. In fact,
the complete solution to the present problem can be written in the form

p - + l where p is obtained from the above analysis and l is the unstable
solution. The approach at this point is to ignore the unstable contribution
to the acoustic field. Of course, this approach cannot he justified mathe-
matically. On the other hand, the physical justification is clear, since
the actual jet is reasonably stable with a bounded acoustic field. It should
he noted, however, that there are Mach number limitations on this physical
justification [Ffowcs-Williams(29)].

P6 is also proportional to the power per unit polar (or azimuthal) angle e.
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This concludes the formal analysis of this section. These results are
now applied to two specific jet configurations.

4.2.1.1.7 Circular Jet - Radiation from Off Axis Sources

Mani( 17) has examined theoretically the radiation from sources convect-
ing along the centerline of a circular jet. The present asymptotic theory
is used to extend his results to the off-axis case in thr low frequency limit.

The geometry of the jet is shown in Figure 4-4. The jet boundary is
given by R = 1, and the source is located at R = R0 < l and 0 = 00.

The lowest order inner and jet solutions obey Laplacq'p equation [(26a
and (36a)] . These solutions arc denoted by (I) = 6) and p72 ) = (J) respec-
tively. Thus 00

A =A + B log R + Rn (C cos nO + D sin nO)n = i n n (42a)

(2) + log r + Rn(n cos nO + F n sin no) (42b)

n= 1

where AO, B0 , a0, Cn, Dn, a and ?n (n = 1, 2,...) are constants. The jet

solution may be rewritten by using a well-known Fourier expansion of log r
for R > R0

t(2)+ = 0 + loq ..R + n = 1 ,n Rn - -l (Rfl+,n co ['_]C S ]i

+2 n _~ R 1 -rri R- cos rO Gaos n-

+ [ n Rn 1 (RO)n sin nO ]sin nO
n (42c)

The constants A0 , BO, ... , etc., are determined by matching the pressure

imi particle displacement across the jet boundary, R = 1. The results of
thi matching are

(43a)

2 R0 cos n 0C = - - - - n 1, 2, ...
n n +

(43b)

R n sin r)
= 0 0R n 1, 2.n n 1 + 012 

(43c)

wher,. = and p12 = 1/t..

43

-41



JETACUTCSU 
EBOUNDARYACUTCSRE

R = 1

REGION (1)

P2' c 2

Figure 4-4. Geometry of Circular Jet.
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It is observed that as r 0% coordinate systems (R, 0) and (r, 0) are

related by

r = R[ - ! c0- 0 +(44a)

Rw cs 0 (4)4a)
Ro

0 = 0 + -- sin( - 0 +.
R 0 (44b)

and

R = r[l - -- cos(e - e0 ) + ...]r S (44c)

r 
0= e + +-sin(e - 90 ) +.
r "" (44d)

where r0 = R0 and O0 = 00 + ff. The point (r0 , 00) denotes the coordinates
of the jet axis relative to the coordinate system attached to the source.
After using coordinate transformation (44) in equation (42a), it is found

that, as r - ,1

¢(I) = A5 + B log r - B0[- - cos(e - ) + 2(.' cos 2(6 - e) + .. 1

cos 0 sin 0
1  r r

cos2e(C + C1 r0 Cos 0 - D r sin 9 0 )

n0 1 0

in2e (D2 + C r sin 0 + D r cos O) +

Thus the far-field coefficients (32) and (33) irL Fiven by euqations (38) and
45) as

A 2-i1  K (46a)

A T )2 - 2(K )2 (46b)

A. ± K(K) 2 r0 + I-i [(K> K i+
IT2i + ) )2 

2  ± (46c)

- K[1 + - (log K" + )][(K)+ T 2 2
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A = i K + r0 cos 00(2 + - 1)11 K1 0
(46d)

BI T: i K; + r0  .II0a(21Q+ - 1)
11 1 K 0 0 1

(46e)

A21 h (K2)2 K r cos 26 S2-/Q+
A2 1  2 + 0 0 (46f)

B2 2d (K) r 2 sin 200 P-/Q+
21 2 1 s 0 (46g)

_ K2

where - = P 12 .

Before the numerical results for the total power P are presented, some
possible nonuniformities in the asymptotic expansion are oriefly discussed.

It is seen from Figure 4-2 that K+ is of order unity; therefore, the har-
monic terms All ... B2 1 exhibit no nonuniformities. +On the other hand, it
is seen from Figure 4-3 that terms proportional to K2 may become much larger
than unity. In this case the asymptotic expansion has a small range of va-
lidity restricted to very small values of c. To extend this range, observe
that the nonuniformity comes from the axially-symmetric terms. An examina-
tion of the structure of the complete axially-symmetric solution, reveals that
the nonuniformity arises from a binomial expansion. To elminate this diffi-
culty, the constant A0 given by (3qb) is replaced by

A = 01A (f-)2 10 A () (47)

A0 1 - A02  2 g 03

In the limit as E 0 equations (47) and (39b) are clearly equivalent. How-
ever, for finite values of E, (47) has a much wider range of validity than
equation (391) in this particular example.

In Figure 4-5, a comparison between the exact calculations by Mani and

the results of the present asymptotic theory for the total radiative power
(41a) is show.. The power is shown to be a function of the convective Mach
number and the source Strouhal number. It is seen that the agreement between
the two results is excellent over the entire Mach number range (up to 0.9)
aad a wide range of Strouhal numbers.

By differentiating the expression for the velocity potential (45) with

respect to the source coordinates, it is a simple matter to derive the pres-
sure and velocity field of an off axis quadrupole shielded by a circular jet.
For example, 2 c( 1)/Dro 00 is the velocity potential of an (r - 0) quadru-
pole whose radiated power can be readily obtained.

A complete physical interpretation of these results is given by Mani(17 ).

To reemphasize, however, the above calculations show the frequency dependence
of convective amplification. It is known from experiments [Lush( 3 0 ) ] that
the data for the sound pressure level as a function of directivity angle (at
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constant source frequency) is under estimated at low frequencies by the Lighthill
theory. Also, the Lighthill theory over estimates the sound pressure level at
high frequencies. This is interpreted to mean that convective amplification is
frequency dependent. Furthermore, the results in Figure 4-5 show such dependence
for the total power. Of course, the connection between the results of Lush and
that in Figure 4-5 is qualitative in nature; this will be further discussed in
Section 4.2.1.2.

An extremely important point is that acoustic shielding is confined to
the refractive zone of silence, but shielding is more than refraction since
it affects the radiated power. In other words, measurements outside of the
zone of silence would show negligible shielding. Such measurements are in-
sufficient, however, for the computation of total power. Thus, to look at
the effects of fluid shrouding or shielding, the sound pressure level must
be obtained in the zone of silence.

4.2.1.1.8 Elliptic Jet - Radiation from Axial Source

Consider an elliptic jet whose semi-axes are given by a, $ > 0 where
a > a. The source is located at the center of the ellipse. Introduce
elliptic coordinates (p, v) (0 < p < -, 0 < v < 27) by the transformation

r = /cosh1 o - sin" 0 0< r (48a)

= tan-'(tanh ,i tan V) 0 < 0 < 27 (48b)

where a = 2 2  
- 2 is the focal length and (r, 0) is a polar coordinate

system (Figure 4-6). The equation of the ellipse is given by

= =l :log[( +

The lowest order inner and jet solutions obey Laplace's eluation (26a)(2 (J) re-
and (36a). These solutions are denoted by 4(1) = 6) and 0 - 00 r
spectively. Thus

AO+ B0  + Cn e - n  cos n%) (49a)
n=1

+(P+ loga 2 e- cos nv cos T0 4 n n 2

I' (49b)

+ an sinh nu cos nv
n-

/
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Figure 4-6. GeometryV of Elliptic Jet.
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where A0 , B0 , aO , Cn , an (n = 1, 2, ... ) are constants, again to be deter-
mined by matching pressure and particle displacement across the jet boundary.
Observe that the terms in equation (49b) that do not involve any of these
unkown constants represent log r in elliptic coordinates.

The matching across the jet boundary yields

B= K (50a)
00 -

C -2lT n 1, 2,...
n n Q+ -- e(50b)

and

O1  0 (50c)

- e 1 da2 f+ e-4W, (50d)
- e

£22K- = /~ n _ IK2

where, as before, K 
=  'O' P12 =  Pl/P2 and Q- I + 12 K

The transformation to elliptic coordinates (48) simplifies to

4r - (a12 cos 20 +
iilog T (4) (Slaa 4 "" (51a)

v = 0+ (2)2 sin 29+ (5b)

4 r-

as r -* and, in the same limit, it is found that

n+ 2
e - n u ccs nv = (a-O)2 cos ne + n(- ) cos(n + 2)6 +

n = 1, 2, (51c)

)

* ;Using equation (51) in (49b) and the general results of the asymptotic theory,
it is found that the far-field coefficients are given by

T,A0 1 ~ K (52a)
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A02  -, a a 8[(K +)2 + 12 2  (52b)

A0 3 = -i[(K )2 tl + (K2)2 t (52c)

w h ere C

t I  2 2 a 2 (1 + - (log KI + )

- (1 - /a) 1(-

+ -+

(52d)

and

SK 2 log + + -t2 = e 012 og 2 2

TI 2 2i 1
2 1{ + - < (log K +

- (

CL + 2c; _ ) (52e)

A11 =B 1 1 =0

a- (52f)
I + (CI - B 2

A K + (KI+)2 K(C 2  
B 82) + ' - 2 (52g)

21 4 1 0+£2 (aL )2

(52h)
B2 1 =0

The asymptotic expansion appears to be uniformly valid for all values of
< a. Thus, this low frequency theory is not restricted to configurations

with "low departure from axial symmetry."
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The power, Pe, (41b) in a plane inclined at an angle 8 relative to the
major axis is calculated as a function of 0 for parametric values of c a
(a = 1) and B. The results are shown in Figures 4-7 and 4-8 for two differ-
ent source Mach numbers. At given values of 0, B, and M, e.g., 0 =00,
6 = 0.5 and M = 0.7, the source radiative power decreases with increasing
source frequency. The power of a given geometry at a fixed value of 8 and
for moderate values of c decreases with increasing Mach number. These obser-
vations are consistent with the results in Figure 4-5 for a circular jet.

The difference in acoustic power between the quiet plane (0 = 0) and
the noisy plane (6 = 900) increases with the source Strouhal and Mach numbers.
According to these calculations, the difference in power between the two
planes is completely negligible at low frequencies and is on the order of a
few dB at higher frequencies.

The total radiative power of the source (41a) varies inversely with the
jet cross-sectional area at given Strouhal and Mach numbers. This observa-
tion is easily deducible from the results of Figures 4-6 and 4-7 and agrees
with the fluid shielding hypothesis of Mani. In simple terms, the radiative
efficiency of the source varies inversely with the amount of moving fluid
surrounding it.

4.2.1.2 The Directivity of Sound

4.2.1.2.1 Introduction

In Section 4.2.1.1, the results for the radiative power of a source
'.urrounded by an arbitrary jet were derived. These results showed that
acoustic shielding had a significant effect on the power; the purpose of this
section is to investigate the effects of shielding on the directivity of
the sound.

The present analysis is similar to the one presented for the power,
therefore, only the basic framework without details will be developed. A
comparison between theory and data will be presented also.

4.2.1.2.2 Formulation of the Problem

It is again assumed that the acoustic field is generated by a moving
point source translating with velocity U. along the axis of a slug flow jet
of arbitrary cross section (Figure 4-1). The source is pulsating with radian
frequency wo in its own reference frame. The velocity potential, (P, of the
acoustic field obeys

2 2 -

-U X C

(53)

-ex P (iui t) 6 (X 11 t) 6() (z)
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where, as before, U and c are sectionally constant representing the mean jet

velocity and acoustic speed. Note that here the convection speed U, need

not be the same as the jet velocity U. Also, A denotes the Laplacian in the
transverse variables.

It turns out that the most convenient representation for the directivity
if obtained by taking Fourier transforms with respect to x, rather than t as

in the previous section. Thus define

(/e f -lsx Dx(54a)
= (Ii f e - dx(5a

whose inverse is

= l/7rj elSX Uds (54b)

where s is the transform variable. After applying the above transformation

(54a) to (53) and introducing a new dependent variable,

_(2)3/- 2 T lit(W - U s)] (55)
2  0 C

it is found that the velocity potential obeys, in the jet and quiescent
regions, respectively,

Jet: A + k 2  = (r)/r (56a)

Ambient: A + k = 0 (56b)

where 2 = (C c/C2) [1 4(m ) 2 02 (56c)

and K 2 
= (1 + %1C) 2 y2 (56d)

Here k = W 0 /Cl, M = Uc/C, = U/c I and a = s/k o •

Thus, the convective Mach number and the jet acoustic speed are denoted by

Mc and M respectively. The Fourier transform variable, s = koa, can be in-
terpreted as an axial wave number.

Without going into details, it may be shown by applying Fourier trans-

formation (54a) to the matching of the pressure and particle displacement
(16) across the jet interface, that
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(5 7a)

- (57b)

This time the meaning of K is slightly different, namely

K + (57c)

-_21 = C 210 and V~denotes the solution in the -jet while lin the ambient
medium. Of course, 2 /,n stands for differentiation in the norman& direction
to the jet-ambient region interface.

4.2.1.2.3 A Soltiion- of the Problem

Again the problem to be Solved is lielmhoit;.'S equation (56) with suitable
matching conditions across the jet boundary (57). In fact eq~uations (56)
and (57) are exact lv the s;ame as (23) and (21) so that the low frequency solu-
tion of Section 4.2.1. 1 iS diecl uLCIVLsable for the directivity provided' that
the following change of variables occurs,:

.o r res ponieonct. Pr inc iple

Power am Direct ivi tv

K I)

2K,

i'hus the Ioeta i Is of the asvmptot i r expanlsioni will alot he reprodued iii this

4...2 . 2.4 C11 CII at i en 0o th 110 i re t i V i tV o f the S01urce

Wh I1 e t hek detai Is o I t he aIsvniptot i c matchin are ;F( ien(I)t i ca I -c

'11.]I lie Ir iv i tv calIcuilat ionsk, the ealIciji ation for the a-oust, -

ct-ed-; somewhat differeL'1v. The object lye now is to obtin t
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In the outer field, from equation (39a), the velocity potential is

expressible as

s0)nne) (58)€(o)= Z (AncoSn 0 + Bnsinne) H(1 ) ( k o K l r
)  (8

n=0

where the An's and Bn's are defined by equation (39). The pressure in the
acoustic far field is simply proportional to the time derivative of the
velocity potential so that using equation (55) the following expression

!' results:

___ -i(0 C u c s Us

_ iPle_ SX ds e (o + U s)

x Z (A cosnO +B sinne) H ) (k K r)

n=O (59)

For the calculation of power, an integral of the type in equation (59)
was evaluated numerically; for the directivity, this integral may be eval-
uated by the method of stationary phase. The entire procedure is given by
Carrier, Krook, and Pearson( 31), with the final result:

e-iWo(t - R/c 1 )

2n 2 c 2  R(l - M COSO) 2

x (Ancosne +B sinne)I (60a)E n n(6an=0 Oo

where a* is the point of stationary phase given by

coso
0, = (60b)

Very loosely speaking, R is the distance from the jet and 0 is the angle
with respect to the jet axis. The final expression for the pressure is valid
as R- .

One can make a number of observations with respect to equation (60a).
* First, the acoustic pressure decays as R-1 in the far field; the phase dif-
i Jference between the source and the observed signal is simply the travel time
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R and a convecting mass source has an explicit convective amplification
factor of (1 - Mccos 9)-2. Additional (implicit) convective amplification
is present in coefficients An and Bn because of fluid shielding.

4.2.1.2.5 Directivity of a Slot Jet

First it should be emphasized that the directivity of a slot jet in-
volves two angles; one is the familiar angle to the jet axis 0, the other is
the azimuthal angle 6. To obtain the pressure field of a convecting source
in an elliptic or slot jet, expressions (56) are used in the definitions of
An and Bn along with the correspondence principle.of

A major difference between quadrupole and simple point sources is that
quadrupoles have a higher explicit convective amplification factor. In the
following discussion, the ratio (or t'e difference on a logarithmic scale)
of the far-field pressures at two different values of azimuthal angles (9)
is shown as a function of the angle to the jet axis (0). The effect of the
explicit convective amplification cancels by taking this ratio so that it
does not matter whether the pressure for sources or quadrupoles are used in
the theory data comparisons. It is possible that quadrupoles themselves
have an intrinsic azimuthal directivity; this is the case for an isolated
quadrupole but is not likely the case for an "equivalent" quadrupole that
represents the noise of an elliptic or slot jet.

The experimental data of Olsen, et al.(18) for the sound pressure level
(SPL) of slot jets were reduced at constant source Strouhal number; the
length scale used in the definition of the Strouhal number is the major
diameter of the jet. The observed frequency is denoted by f. In Figure 4-9,
the difference in sound pressure levels* between the noisy (vertical) and
quiet (horizontal) planes is shown as a function of angle to jet axis at
three values of source Strouhal number. The largest difference occurs at
o = 30* to 50*; this difference increases with frequency and is completely

* negligible at 90* to the jet axis.

The trend with velocity is shown in Figure 4-10. The maximum ASPL in-
creases with jet velocity; however, at the lower jet velocity there is some
disagreement between theory and experiment, at least with respect to the
absolute levels. However, the insensitivity of the noise difference as a
function of the angle to jet axis is reproduced well.

The effect of jet temperature at constant source Strouhal number and
jet velocity is shown in Figure 4-11. The maximum value of ASPL increases
with jet temperature, consistent with Mani's findings on acoustic shielding
of round jets.

4! Two remarks are in order to explain why the agreement between theory
and experiment cannot be more than qualitative. First, the data show con-

siderable scatter; obviously this is because the differences in noise (on

For the theoretical calculations, the sound pressure is defined as

10 loglOlpI 2 where p is given by equation (60a)
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the order of 2 to 4 dB) are comparable to the errors in the measurement (prob-
ably on the order of 1 dB). Second, the analysis is only approximate.

4.2.1.2.6 Conclusions

It is shown that, in the low frequency limit, the inner and outer solu-
tions obey the Poisson and Helmholtz equations, respectively. The appropri-
ate inner length scale is the jet diameter and Jhe outer length scale is the
wavelength. The outer solution, to order (sf2) where e = wc0t/cl, depends only
on the lowest order inner and jet solutions. The error in the outer field
is of order (E3logc).

The asymptotic results for the circular jet indicte that the present
theory is accurate to values of c up to 0.7 or 0.8. The nonuniformity of
the expansion associated with the limit M - 1 (c fixed) can be eliminated,
f or the most part, by expressing the coefficient of the axially symmetric
part of the far field as a fraction. As c -~ 0, the power of the jet becomes
independent of jet shape. This conclusion appears plausible since in this
limit all jets appear in the far field as "thin line." The results for the
elliptic Jet offer one qualitative explanation for the presence and location
of certain experimentally observed quiet plane~s. This explanation is purely
acoustic and centers around the shrouding effect of the mean flow.

4.2.2 Convecting Sources in an Annular Jet

The radiation from a convecting monopole source shielded by an annular,
doubly infinite jet of fluid is calculated in this section. The jet velocity
is idealized by a constant profile (i.e., slug flow) and the source is of a
single frequency in its own moving frame. The results of this model problem
are used to throw some light on the jet shielding hypothesis for multitube
suppressors and to rationalize one empirical expression for the effective
number of radiating tubes. The theoretical predictions for the pressure are
compared to experimental data under Acoustic Shielding Experiments (Section
6.0).

4.2.2.1 The Radiated Power

4.2.2.1.1 Introduction

A typical suppressor n ozzle of the multitube type is shown in Figure
4-12. This suppressor is generally an array of "small" jets of diameter d
separated by a distance L. This array is usually two-dimensional; the basic

idea is to divide the exhaust of an engine into a number of smaller jets.

Near the exit plane of these jets (assume coplanar exits), where the high
frequency noise is generated, the aerodynamic interaction between adjacent
lets is small if L/d >> 1. Thus, the high frequency power radiated by the
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Suppressor should be given by the product of the power of a single jet and
the number of jets. It is found experimentally that the actual radiated

*power is considerably smaller than this product (Gray, et a)3)

* I The physical model used here separates the array of jets into two
classes: (1) the outer row (usually a circular row) of jets and (2) the
inner jets. In the mathematical model, the outer row of jets is represented
by an annular jet with a slug velocity and temperature profile (Figure 4-12).
The inner jets are represented by convecting sources; these sources are simple
mass sources. Generalization to higher order sources can be made. It is
known that the "source" of jet noise is of the quadrupole type - the choice
of a mass source is motivated by simplicity, with the expectation that the
results of this theory will provide the qualitative features of the actual

acoustic field.

The purpose is to derive the expression for the far-field radiated
power of a convecting source surrounded by an annular jet and to show the
dependence of this power on various parameters. Finally, a comparison is
made between theoretical and experimental results. This comparison shows
that the high frequency power reduction in multitube suppressors can be
explained by acoustic - mean flow interaction.

4.2.2.1.2 Formulation of the Problem

* It is assumed that the acoustic field obeys the linear wave equation

where 0 is the perturbation velocity potential, D is the disturbance that
generates the acoustic field,_ t is time, and x is an axial coordinate along
which the fluid velocity is (U + 4x).

The undisturbed speed of sound and the undisturbed fluid velocity in
*the x direction are given by E and 0 respectively. The geometry of the

problem and the variation of t and c- with respect to the transverse variable
(y in the planar case or r in the axially symmetric case) are shown in
Figure 4-12. The operator A represents the Laplacian in the transverse
variable.

There remains to model the source term V. Here guidance is provided by
the simplicity and the success of the approach of Mani(17), who assumed that4 = e 6(x - ut)6(P) i = /-T (2

where wo is a given constant and 6 (P) is a symbolic representation of the
.116-distribution whose support is the point P.It is also assumed that the

source is in region ( or

64(



The solution to equation (61) represents the acoustic field of a con-
vecting point mass source whose strength oscillates at frequency wo in the
reference frame that moves with the source. The source is surrounded by an

idealized jet system whose velocity and temperature (essentially c2) are
represented by constant (i.e., slug) profiles. The assumption that the source
convection speed is the same as the jet speed is made for simplicity (i.e.,
Uc - U). This restriction will be relaxed later. The primary interest is in
the power radiated in the far field, the dependence of this power on the jet
velocity and thickness and on the location of the source.

Across the jet-quiescent region interfaces the continuity of the pertur-
bation pressure, p, and the particle displacement n are required. The ex-
pression for the perturbation pressure is easily derivable from the x-momentum
equation, and is given by

P = -P +U OX) (63)

where 0 is the undisturbed density. Under the additional assumption that
the undisturbed static pressure is also continuous across the interface,
and E cannot be specified independently.

The particle displacement n is related to the transverse velocity com-
ponent through the equation

+Uor (64)

The interface conditions (63) and (64) are satisfied on the surfaces
y -±a, y - ±b (or r -a, r = b), that is, on the mean location of the inter-
face, consistent with the linearization assumption already invoked in imply-
ing that equation (61) holds. Equation (64) implies that there is negligible
mixing between the jet and the surrounding medium, that is, the interface
consists of particles of fixed identity.

The governing equation (61) is hyperbolic and it requires initial con-
ditions for uniqueness. These can readily be provided (f or example,

Df a/at - 0 at t - 0). In the present context, however, the interest is in
the long time solution as t * -. That is, the "periodic" solution that re-
sults after all the transients associated with the starting of the source (at
t - 0) have become negligibly small is desired. The time dependence in
equation (61) Is extracted through Fourier transforms, as follows:

Def ining42
GAand (65b)

1,0 ._.L f~ e-' i ~ dw



r - . . . ..

and * 0 )X/IJ (65c)

so that (* = ** (y or r; ). The form of the x-dependence in (65c) can be
obtained by a Fourier transform in x or by observing that (65c) is consistent
with the time transform of equation (61) and all boundary conditions. The
resultant equation for * is given in the still-air region (0 =0) by

AV 4 k 2 ( + )2 _W - 6(P)
0 1 /7 (66a)

and in the jet region (U = U) by

A; * + k (K 2)  0* (66b)

or

A - ko(,K,) 2  ,; * = (6o
0 2 (66c)

where k 0 wo/Cl.

The propagation constants K11 K + and K2 are given by

K )2 = [C2 - 1,: 1)2 q121 (67a)

(K2 )2 = r12 '21 - (K " ))2/!22 2 2 (67b)

(K2) 2 = (K - 1) 2/M2 - '12 p2 1  (67c)

where K = W/Wo M = U/c 1, p2 1 = p2 /p1 and r1 2 =rl/r2 where

RC (1-(67d)

The gas constant is denoted by R and C is the constant pressure specific
heat. An additional assumption in deriving (67b and c) is that the gas is
thermally perfect. The interest is only in the case when (K)2 > 0 (other-
wise the far-field solution dies off exponentially in the transverse vari-
able), that is 1/(l + M) < K < 1/(1 - M). When (K+)2 > O that is
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r7.

M/( + M) < K < 1 + M/rl2 21, equation (66b) is used; otherwise (660)
applies. Of course, (66b and 66c) are really identical - the distinction

is artificial and is made only to enable one to take the positive square root
of K2± in writing down the solution explicitly.

To complete the formulation of the problem, a Fourier transform of the
matching conditions for the interface is performed. In the still-air region,
the transforms of equation (63) and (64) are

p- i (68a)

and in the jet regions,

p* P2 0 (68c)

T ,(68d)
0

where D/an denotes normal differentiation to the interface in the transverse

plane.

Thus the canonical problem to be solved is equation (66) with matching
conditions (68) across all interfaces.

4.2.2.1.3 The Planar Problem

Consider a convecting line source with instantaneous coordinates at
(Ut, Yo) where Yo = const < a. Let this source be surrounded by two plane

jets whose boundaries are given by y = ± a and y = ± b (b > a) (see Figure
4-12). The objective is to determine the effect of the fluid jets on the
power radiated by the source, and to eamine the sensitivity of the power
on the precise location of the source (i.e., on yo).

In some applications, a source of noise (not necessarily a point mass
source) is surrounded by a real jet. One such configuration was investigated
experimentally by Cowan and Crouch( 33) in connection with sound transmission
through a two-dimensional shielding jet. Another application is encountered

I tin jet noise suppressors where the outer row of jets surround the inner rows.
In our idealized model, the inner rows are treated as noise sources and the
outer row as the shielding jet. Of course, in a suppressor the "shielding
jet" is not planar but circular. It is quite difficult to solve the problem
for the circular geometry when the noise sources are off the axis, since the
flow field is axially nonsymmetric. To shed some light on the power radiated
by off axis sources, the easier planar problem is considered. Note that at
very high frequencies the difference between the circular and planar solu-
tions is small.
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In this section, y is used to denote the transverse variable and
6(P) = 6(y - Yo) with yo = ao, 0 < a < 1. It is assumed that r12 1 and
P21 = 1, that is the jet is cold (cl = c2 = c) and has the same isentropic
index as the ambient medium. The solutions to equations (66) are written
down as a linear combination of exponentials with unknown co-fficients.
These coefficients are determined by enforcing matching conditions (68)
across all the interfaces. For example, outside the jet,

= E exp(ik K y) (69a)

+

= : exp(-ik o K' y) y < -b (69b)

where E and E are independent of y and (69a and 69b) satisfy the radiation
condition as yIY = - The final results for E and E are

E 2  I (70a)

EJ X c 42 /-7 K A*

where c = cI = c2 and

A* = -2 sin(ako K+) + cc cos(ak KI)][S cosfak ° K1) (70b)

+ a sin(ak 0K':

: -g sin[ako K (1 ] - Y. cos[ak KI )] (70c)

with

Skb K1  K+(b KI 2 (71a)0 + e os[k° -+( aj - 4<. sin~ko -+ a)]

K2

and k ++

o i e 0s k.(b - a)] I 2 sin[k0  K (b - )
2 K (71b)
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Equations (71) are valid when 1/(l + M) < K < (1 + M), that is when the
disturbance propagates through the jets with little "attenuation." However,
when (1 + M) < K < 1/(l - M), K+ is replaced by -i K- In the latter case,
the disturbance is "attenuated" considerably [since (cos, sin) - (cosh, sinh)].
This region of attenuation co;glponds to the classical zone of silence; see,
for example, Morse and Ingard" '. The perturbation pressure and transverse
velocity in the far field are obtained by inverting the Fourier time trans-
form (65b) and adjoining the exponential x behavior (65c).

The total power, P, radiated by the source, as computed by integrating
(p *y) around a surface IYl = const - , is given by

P = P' + P' (72a)

where

P] 1/(1 - M) p Ek3 + 
= K+ d< (72b)

Pa 1/(1'+ M) c U VI I2 1

and

with pl = P2 = p. Physically, P' represents the radiated power in the upper
region (y> 0) and P in the lower (y<0). When yo 0 0, that is when the flow
field is not symmetric with respect to y, P' # P'. The mathematical details
entering in the derivation of equation (72b) are discussed by Morse and
Ingard( 5).

The following limiting cases of the general solution can be observed:

As b- a 12' lt J ' i -611
JEE C I . (73a)

0 11
and

o (1 - M), _~P k .
k0  K &cdP = P0  42 J (73b)

1/(1 + M) 1

or

p k-0  1 (3
0 =  0 m23(1 -

/ 2
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Equation (73c) gives the power radiated by a moving source in the absence
of the shielding jets.

The limit M -~ 0 (U +0, c fixed) is considerably more difficult to
obtain because the solution becomes unbounded [see equation (66a)]. To
circumvent this difficulty, a variable E is introduced,

~K (74a)

and K(1 and K2 are rewritten in terms of C. The result is

___________1 
1 (74b)

and K V(T O+ 
M

K2  )- L (74c0

As M -~ 0, -1 < E< 1 and

K+ Y1:7 = K + (74d)

The range Of K for which K2 applies has shrunk to zero.

Also, K = 1 + K~ 1. Thus

JE112  --h---4 (75a)

4 k70

so that equation (75b) represents the power radiated by a stationary source
in the absence of jet shielding. Both equations (73c) and (75b) can be ob-
tained by other methods.

4.2.2.1.4 The Axially Symmetric Problem

k4 As stated previously, the purpose here is to provide some theoretical
information on the noise radiated by jet noise suppressors. In the model,
the inner jets of the suppressor are represented by convecting acoustic
sources and the outer most row of jets by an annular plug flow jet. The
results of the analysis for the planar geometry showed that the total radiated
power is not very sensitive to the precise location of the source (see Figure
4-13). This is interpreted to mean that, even for the circular geometry, the
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individual noise sources (i.e., the inner jets) may be lumped into an effec-
tive source and placed on the axis of the annular jet.

Thus, the idealized problem that is solved is shown again in Figure
4-12. A convecting acoustic source (on the axis) is surrounded by an annular
jet, and it is desired to examine the effect of the annular jet on the radi-
ated power.

Let r denote the transverse variable, and let 6(P) = 6(r)/(2wr). Since
the flow field is axially symmetric, consider regions 0 , , and
only. The solution to equations (66) in region 0 is

= D 11(1) (k0 K1 r) r > b (76)

where D is a constant and H0(1) is a Hankel function. The analysis parallels
quite closely that of the previous section except that trigonometric and
exponential functions (of real arguments) are replaced by corresponding
Bessel functions. The details are omitted herein, but the final results are

1 (77a)
4,Y U c I

where

W(koaK) (77b)
D'

d 0 (ko aK. ) - ,'(koaK)

and

= H~)(k bK1) W(kaK , kbK )

, 01 W(kobK )

_p + (L(koaK+ kobK ) (77c)
P21 K1 W1"

K (kobK I) W(JobK )
K2  02
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W(k bK, koaK;)

H0  k0bK1) W(k0bK+)

+ K2  ( ) + L'(koaK 2  , k bK )
+2 K2 +  H(I)(kobKl) 02 (77d)

T2 KH 0(kb 1) Wkb+w(kobK )

The various cross products of the Bessel functions are defined by

W(Z, ) = Jo(Y - J6(')Yo(Z) (78a)

1(Z, ) = Ou(Z)Yo() - JO()Yo(Z) (78b)

L'(Z, ) J6(Z' J6()Y6 Z) (78c)

and

W(Z) = W(Z, Z) (78d)

Note that equations (77) and (78) hold when the disturbance is propagating
through the 'et with little attenuation, that is, when 1/(1 + M) < K <

1 + M r1221. When K is outside this range, J0 and Y0 are replaced by
10 and K0 respectively, and K by K. Note that Jot Y0 , I0 and K0 are Bessel
functions [Abramowitz and Stegun(34 1].

The total power radiated across a very large cylinder r = const
is given by

1/(- M) k '

+P = 0 ID'12 K dK (79)
• 1/0I + M)

* P is obtained by integrating (p *r) around a large cylinder surrounding the
jet. The mathematical details are very similar to the planar case.
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4.2.2.1.5 Discussion of Results

The theoretical results for the plane and circular geometries are shown
in Figures 4-13, 4-14, and 4-15.

The total radiated power as a function of source frequency is shown in
Figures 4-13 and 4-15. For small values of (k0a), the jet-source configura-
tion radiates more power than the corresponding freely moving source. This
observation is consistent with the findings of Mani(17) for a single round
jet. On the other hand, for larger values of k0a, the jets provide consider-
able shielding in the sense that the total radiated power is reduced. It is
observed that the power reduction varies directly with the jet Mach number
and thickness.

Figure 4-14 shows that the location of the source has little effect on
the total radiated power. One interprets this result to mean that the pre-
cise location of the source is irrelevant; what matters are the jet Mach
number and thickness. Clearly, aL low frequencies the radiated power is
independent of the details of the jet as shown by Balsa(35). Thus, at low
frequencies the location of the source is not important. This conclusion is
borne out by the results of Figure 4-14. What is surprising is that even
at higher frequencies the radiated power is relatively i dependent of source
location. Similar results were also obtained by Mani (1 7 for a plane (or
slot) jet. Since the model has a highly-idealized shear layer built into
it, one may state that even in (real) sheared flows the precise location of
the source is not too important.

Although the presented results were obtained for cold annular jets
(i.e., P14p2 -1, cl/c 2 = 1), the general theory is applicable to hot jets
as well. The limiting case of P1/P2 - is easy to obtain analytically. The
result is that the far-field radiated power is zero; thus the jets act as a
vacuum shield around the disturbance. The power radiated by the source,
which now is channcled down the inner cylinder r = a, is given by the wave-
guide solution for which p = 0 on r = a.

Using the above results, a possible explanation for some of the experi-
mental results observed from suppressors is now proposed.

Consider an idealized model in which the radiated noise from a jet
engine suppressor may be divided into two distinct spectra, one centered
about a very high frequency, the other about a very low frequency. From
dimensional reasoning, it is plausible that the high frequency noise is
generated near the outlet of the suppressor tubes, whereas the low frequency
noise comes from the region where the individual jets from the tubes have
merged into a single large jet. In the usual engineering analysis on noise

multiplying the power of a single jet by a certain number, say, Neff, called

the effective number of tubes. It turns out that in all experimental con-
figurations Nef I Ntotal, where Ntotal is the total number of tubes in the
suppressor bundle.
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Several empirical expressions for Neff have been proposed. One such
expression, adapted by Motsinger(3 6 ) but originally due to Eldred, is plotted
in Figure 4-16. This curve applies to "all" the high velocity multitube

suppressor configurations that were studied by Mctsinger. Tt is a very
approximate correlation of existing multitube suppressor data.

Motsinger examined eighteen different suppressor configurations with the
number of tubes varying from 37 to 253 and jet exhaust velocities in the range

of 1800 fps and upwards. Neff is the ratio of the acoustic power radiated by
the suppressor to that radiated by a single contributing jet. The number of
effective tubes, Neff, was found to correlate quite well with the ratio of the
inner to the total number of tubes, Ninner/Ntotal. Also Neff was quite
insensitive to the temperature and velocity of the exhaust.

Based on the theoretical calculations for the model problem, a simple
explanation for Neff is now proposed, assuming that the number of tubes in a
given region is proportional to the area of the region. Thus, the quantity
VNinner/Ntotal is interpreted as R = a/b. This assumption is valid only when
the number of tubes in the tube bundle is very large. In this limit, by
superposition, one finds that

Neff N outer Ninner

N 2N N (81)
total total total

where n is the "radiation efficiency" of the inner tubes. Each outer tube is
assumed tc radiate 50% of the power of a single isolated jet. Here Nouter
denotes the number of outer tubes.

The radiation efficiency of the inner tubes may be obtained from Figure
4-15. As an approximation, assume that the jet exhaust velocity is 1800 fps;
the average merged jet velocity is about 1000 fps -- this average velocity
is to be used in the present calculations because they are based on slug flow
profiles. Thus 10 loglo 9 is essentially the ordinate in Figure 4-15, M a 0.9
and (Ninner/Ntotal)i/2 - a/b = R. The acoustic efficiency is to be obtained
at large frequencies (koa + oo) by averaging out the oscillations. The two
theoretical points for R = 0.5 and 0.8, calculated from equation (81) are also
shown in Figure 4-16.

The point to be made is that the high frequency noise reduction for
multitube suppressors does not come from aerodynamic interference (i.e.,
aerodynamic interaction between adjacent jets), since there is little inter-
ference at the exit plane of the jets (especially if the jets are far apart),
where most of the high frequency noise is generated. Rather, the power re-
duction is a consequence of acoustic-mean flow interactions, estimated through
this crude model.
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4.2.2.2 The Directivity of Sound

4.2.2.2.1 Introduction

The results for the power radiated by a convecting mass source surrounded
by an annular jet were derived in the previous section. The purpose of this
section is to sketch briefly how the expressions for the far-field pressure
can be obtained for the same problem.

In jet noise measurements, one is usually interested in the spectra of
the sound pressure level. In order to verify the properties of acoustic
shielding in detail, and experiment was devised (see Section 6) which gave

4 the dependence of "acoustic shielding" on jet velocity, jet temperature
annular jet thickness, frequency, and angle to the jet axis. The expressions
to be derived in this section provide the same dependence; however, the
actual theory-data comparisons are prr'-sented in Section 6.2.

It is emphasized that the solution of this problem, together with the
experimental data, confirms the general effects of acoustic shielding derived
by ManiC37,38) for circular jets. This confirmation establishes the impor-
tance of acoustic shielding in jet noise.

4.2.2.2.2 Formulation of the Problem

It is assumed that the velocity potential 0 of the acoustic field obeys
the linear equation

2 2 -X

(82)
=exp (-iw 0 t) 6 (x - U~ CO 6 (y) 6(Z)

where Uand E are sectionally constant. These denote the mean jet velocity
and acoustic speed, respectively (see Figure 4-12). In this section, the
geometry is restricted to that of an annular jet; (y, z) are coordinates in
the transverse plane and the point mass source is convecting along the axis
of the jet system with speed Uc. Note that in this part of the analysis the
source convection speed may differ from the jet velocity. The source is oscil-

lating at circular frequency w in its own reference frame. As before, A
denotes the Laplacian in the transverse plane. The other variables are de-
fined in the cited figure.

The simplest representation for the acoustic pressure is obtained by
using Fourier transformation in the axial variable x. Defining

f 0 -SX 4dx (83a)
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whose inverse is

1-i- esx -

€ T= j ds (83b)
00

the transformation (83a) is applied to (82). The results are, after the
introduction of a new dependent variable, 0,

= (2v) 3 / 2 c 1 Texp [it(wo + Us)] (84a)

AP + k 2 K 2 (= 6 (r)/r (84b)o 1

and

Al, + k 2 K c = 00o (840)

where ko = Wo/c1 . Note that s is a Fourier transform variable (essentially
an axial wave number) and euqation (84b) is valid in the quiescent regions

© and Q whereas (84c) is valid in the annular jet, region © (Figure
4-12). K1 and K 2 are defined by

K (1 + MC() 2 -
2  (85a)

and
2 _ ] 2  22 [C ,( c  (85b)

where a = s/ko, M c = Uc/cI and M = U/cI . The convective and jet acoustic
Mach numbers are denoted by Mc and M, respectively. The variables KI and
K2 are the radial propagation constants in the quiescent and jet regions,
respectively.

The Fourier x-transform of the interface conditions is straightforward.
The matching conditions, to be satisfied on the mean location of the two
interfaces, are

P2
K I or 3 = 2 (86a)

01 K= -

3 l or 3 2 (86b)
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where

1 + M
K (86c)

1 + (M M) c

The subscripts 1 and 3 are to be used for the matching at r a and r = b,
respectively, and refer to the solutions in the quiescent regions. Subscript
2 refers to the solution in the annular jet.

4.2.2.2.3 A Solution of the Problem

As for the elliptic jet [equation (14)], there is a complete correspon-
dence between the equations for the directivity and those for the power pro-
vided that the following equivalence is made [equations (84), (86), and (66),
(68)]:

Correspondence Principle

Power Directivity
(K) K2 K 2

(K +) 
2  K 1 K2
2 2(K1) K12  K

KKK K

- c (27)3 /2U* $

Thus the solution for the velocity potential is given by the results of
Section 4.2.2.1.4, provided that the above correspondence principle is ob-

served. More exactly,

IT
$ - D' H 0) (k Kr) (87)

where D' is given by equations (77b), and (87) is valid in region J , and
Ho() is the Hankel function. The pressure in the ambient region outside
the jet is proportional to the time derivative of the velocity potential.
Invoking the inverse Fourier transformation, the final result for the pressure
p is

'Ii P D' 1) ( r) (w0+ U cS )

2 8eDi H ) (koKl (wo(88)!-iw t i s (x Uct )  (8
x e 0 e C ds



4.2.2.2.4 The Far-Field Directivity of the Source

In the far field, as koR , where R is the distance between the source
and the observer, (88) can be evaluated by the method of stationary phase.
This procedure is discussed by Carrier, Krook, and Pearson(31). The Hankel

function is expanded in its asymptotic form and then the stationary phase
procedure is applied to obtain the final result for the pressure p:

W 1  e -iwo (t - R/cl) (89a)
P 0= (D')u = 0o,

47TC 2 R(1 _ M cosO)
2

C

where

Cos 0
= 1 - M COSO (89b)

The point of stationary phase is denoted by o* and 0 is the angle with
respect to the jet axis. The coefficient D' is to be evaluated at the point
of stationary phase.

4.2.2.2.5 Discussion

It can be observed that the far field decays as R- 1 as R - , that the
explicit convective amplification of a mass source is two powers of the
Doppler factor (I - MccosO), and that the phase difference between the
source and observed signals is the travel time R/cI . The entire effect of
acoustic shielding is contained in the coefficient D'. In the absence of

annular jet, D' = -i and p then agrees with the classical result for a con-
vecting oource in a quiescent medium. It should be observed from equation
(77) that the coefficient D' depends on the thickness of the shielding jet
(through koa and kob), the density ratio P21 = P2/Pl, the convective Mach
number Mc, jet acoustic Mach number M, and the angle to the jet axis 0.
This dependence will be shown explicitly under the theory-data comparisons
of Section 6.2.

The most significant effect of shielding is at shallow angles to the
jet axis, typically 0 < 500. This effect shows up as a greatly reduced sound
pressure level in the far field. Note that convective amplification increases
the pressure at shallow angles whereas acoustic shielding reduces it. How-
ever, convective amplification is frequency independent, whereas acoustic
shielding is strongly frequency dependent. This feature of the model enables
one to predict different directivities at different frequencies. In the
presence of a shielding jet, the total convective amplification of the source
is considerably different from the classical result. This is because propaga-

tion constants K1 and K2 also depend on Mc cos 0.
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4.2.2.2.6 Conclusions

It has been shown that the power radiated by a convecting mass source
depends on the environment in which the radiation takes place. For the
specific geometry considered, the radiated power varies inversely with jet
Mach number, jet thickness and source frequency. These results are con-
sistent with Mani's(17) findings for a different geometry. The radiated
power of a given mass source is not a constant, and this points to the
nonconservation of the Rayleigh acoustic energy density in sheared flows.
This also holds for higher order singularities such as dipoles and quadru-
poles, since these can be obtained from suitable superposition of simple
sources.

It is believed that the exceptionally good agreement shown in Figure
4-16 is rather fortuitous. A two point theory data comparison is hardly
an adequate basis for drawing substantial conclusions. It can be concluded
though that this preliminary result lends credence to the idea that the
noise power reduction observed at high frequencies in multitube suppressors is
probably caused by acoustic mean flow interaction and is not due to inter-
ference effects.

4.2.3 Conventional Bypass Coaxial Jet Noise

In the previous two sections, the power and directivity of elliptic and
annular jets were examined. The next step in complexity is to introduce an
"~inner"~ or "~core" flow in the annular jet. This configuration simulates the
jet plume of conventional bypass engines. The annular and round jet results
will be limiting cases of this section for suitable outer-to-inner jet veloc-
ity ratios.

Two additional steps will be taken in this section. First, the acoustic
field of convecting pressure quadrupoles (rather than simple mass sources)
will be derived, and second, the strength of these quadrupoles will be pre-
dicted by an aerodynamic theory. This leads to a rational scheme for the
prediction of the absolute directivity of coaxial jet noise. A brief sketch
of the aerodynamic mixing calculation is given in Appendix A; a more detailed
description is found in Sections 4.5 and 4.7.

) 4.2.3.1 Introduction

Considerable progress was made in the equrly 1970's in understanding the
noise produced by hot and cold round jets. This progress was a direct result
of careful and accurate jet noise measurements and of new theoretical develop-
ments. The theoretical effort focused on the important acoustic/mean flow

k4 interaction phenomenon.

It was desirable to extend this understanding to other nozzle configura-
tions. The primary motivation was to develop a tool to study the parametric
dependence of noise on nozzle shape. Such a tool would be indispensable in
the search for a "quiet" nozzle. A secondary objective was to check the
generality of the concepts developed for describing round-nozzle jet noise.
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In this section, a model of the aeroacoustic characteristics of co-
planar, coaxial nozzles is developed. This is the simplest extension of the
round jet work. Considerable acoustic data exist for this geometry and com-
parisons of predictions with experiment are presented for a wide range of
inner-to-outer stream velocity ratios and exhaust area ratios. The measured
features of coaxial jet noise are predicted quite well.

4.2.3.2 General Remarks

The development of the present prediction method rests on two primary
assumptions: (1) the dominant jet noise generation mechanism is the random
momentum fluctuations of the small-scale turbulent structure in the mixing
regions of the jet plume; and (2) the propagation of this noise to the far-
field observer is significantly altered by the surrounding jet flow in which
the turbulent eddies are embedded and convecting. The jet produces an in-
trinsic noise intensity spectrum, directly relatable to the statistical
aerodynamic properties of the jet (i.e., mean velocity and density distribu-
tions, and local turbulent structure properties such as length-scale, in-
tensity), which is modified by acoustic/mean flow interactions.

The prediction method follows a sequence of three basic steps: (1) pre-
diction of the aerodynamic characteristics (mean velocity, density and turbu-
lent structure properties); (2) evaluation of the turbulent mixing noise at
90* to the jet axis utilizing the flow properties from (1) and the Lighthill-
Ribner theory; and (3) construction of the far-field sound spectrum at various
observer positions, utilizing the results of (1, 2) and accounting for the

source convection and acoustic/mean flow interaction using Lilley's equation.

The acoustic aspects of the problem are described in some detail; the

aerodynamic aspects are sketched out in Appendix A. Extensive theory - data
comparisons are also presented.

4.2.3.3 Formulation of Problem

In this section, expressions for the pressure fields associated with
convecting quadrupoles are developed. These quadrupoles are assumed to move
along the axis of the jet; arbitrarily placed sources are discussed in Sec-
tion 4.3.

It is assumed that the mean velocity and temperature fields in a coaxial
jet (for the purposes of estimating the acoustic radiation) can be approxi-

mated by sectionally constant (i.e., plug) profiles. Lilley's equation for
this special situation reduces to [see Mani( 3 7)]:

(t- +[ p - -

6 -( U t) 6(r - r ) 6 (e- ) -ito t (90)
C 0 0

r
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where p is the acoustic pressure, U, c are the mean jet velocity and acoustic
speeds, Uc is the source convection speed, and A is the Laplacian in the trans-
verse variables. The instantaneous location of the source is (Ut, rt, 60) and
this source is oscillating at circular frequency wo in its own (moving) ref-
erence frame. The geometry of the problem is shown in Figure 4-17; 0 and
take on values UI, U2 , U3 = 0 and cl, c2, c3 in the core, fan and ambient
regions, respectively. Coordinates (x, r, 0) comprise a cylindrical system
with x along the jet axis. Also, time is deonted by t. Note that U1 is some
representative average value of inner stream velocity, not necessarily equal
to nozzle exit value; the same remark holds for U2 in the outer stream.

The right hand side of equation (90) is a convecting pressure source.
From the solution for p, the pressure fields for all quadrupoles can be
derived. Then these s lutions for the quadrupoles are combined in a suitable
way to deduce the solution to Lilley's equation with the actual self-noise

source as the forcing term.

4.2.3.4 Solution of the Problem

The solution to equation (90), satisfying suitable jump conditions across
the fluid interfaces at r = a and r = b, and obeying the Sommerfeld radiation
condition at r = -, is obtained by Fourier transforms. Define the multiple
Fourier transform of p as

WCO 7T
- 1 rrn@m -i~2t -isx
P -f f p e e e de dt dx (91)

-00 -0 - T

whose inverse is

4 p TTf2ff f in eit eiSX dQ ds (92)

-00 -00 = o

and applying the transformation (91) to (90), after a number of integrations
by parts (ignoring contributions from upper and lower limits), the following
equation is obtained:

.d_ i dp (2 n 6(r2 a2 e 0  (93)

where F = - 1 )/C 1  QI =W O  + Ucs (94)

Here, Q, s and n are the Fourier transform variables. They can be interpreted
as the frequency, axial, and circumferential wave numbers, resprectively.

85

Ii.. f

... .*.... . ... . . II / II II~



U 3 0 c 3Outer Jet (Fan)

Inner Jet (Core)

-Source

r
0

Figure 1-17. Geometriy of' Problem.
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The solution of equation (93) is in terms of Bessel functions. The
actual form of the solution (whether one uses regular or modified Bessel
functions) is a strong function of the algebraic sign of

K2 (Q + U s)2K -2 S(95)

It is required that K2 in the ambient region, K2, be positive, since

otherwise no wave propragation takes place in the far field. This places

a certain restriction on Q and s. For these same values of Q and s, the
values of K2 in regions one (K2 ) and two (K2) may be positive or negative.
K 2 may be interpreted as a radial propoagation constant in each of the
regions.

Across the interfaces, continuity of pressure and particle displacement

is enforced. This is because the interface must consist of particles of fixed
identity. If [ f ] denotes the jump in f across an interface, one then re-
quires that

on r = a, b

where p is the undisturbed fluid density in a given region. Since the undis--
turbed static pressure is assumed to be a constant throughtout the jet, p is

directly calculable In terms of c. Note that, for the coaxial jet problem,
there are two interfaces; one at r - a and another at r - b (b > a). Across
the source location r = ro, P is continuous, and dp/dr changes by F exp
(i n eo).

The above jump conditions and the radiation condition at infinity render
the flolution to the problem unique. The required solution involves a tremen-

dous amount of algebra involving very lengthy expressions, which need not be
reproduced here. The final result for the acoustic pressure in the ambient

region is given by

P = 2 rC2 e n cos n(e - 0O )

n=O

xUt) [A J n(Kjr O ) H n (K r)]Ls (98)
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where en is the Neumann factor (E0  n 1= n n ,n> )

and A is given by

12 1

A rW(K1 a) I K2  U2 T (K1 a) a ' (K 1 a
r 0 K 1W(KIr0 O i1-21 _Ks1 n 1 n (98b)

The parameters a and 8 in the above expressions for A are given by

H (K b ) IV(K2  a, K2  
b)

n 3  W(K 2 b)

02 K3  (Q + U25)2  (1)' L(K 2 b, K2 a) (98c)
+ Q2I n (K3 b) Wi(K 2 b)

3

L' (K, a, K, b)
= 3(K b W(K, b)

SK 3  (Q + tI2s) 2  W(K b, K 2 a)

+ 21( 1 )  (K3 b) W(K2 b 2  (a)
P 3 K2  Q 2 n 3(K? b) (98d)

The auxiliary functions occurring in equation (98) are defined as follows:

IV(z, g) = n( Z) Y' (g) -
(U) Y (Z) (99a)

1,(z, T) = In(Z) Yn(¢) I(W) Y (Z) (99b)
11 n n n

L' (z Z C) '(-) Y'(C;) -T'(C) Y'(z) (99c)

W(z) = W(z, z) (99d)

K'.

where Jn and Yn are Bessel functions, and the primes denote differentiations.
W(z) is, of course, the Jacobian, and Hn(l) is the Hankel function of the
first kind [Abramowitz and Stegun( 34)].
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The above so ution for the pressure in the ambient field is valid as long
as (Ky, K2, and K) > 0. When KI is negative, equations (98) and (99) are
still valid provided that all the Bessel functions whose argument involves Kl
are replaced by their modified counterparts. Similar remarks hold for K[.
The solution given by p represents the acoustic pressure for a simple source
convecting with velocity Uc, having a source strength of unity and frequency
to. The source is at an arbitrary oint in the core region (region Q ) of
the jet, r = ro . Note that K = JK2 1 /2 .

It is seen that the expression for the pressure of a convecting source
is a superposition of certain cylindrical (i.e., the sum over n) and axial
(i.e., the integral over s) waves. The weighting factor, A, being an ex-
tremely complex function of the geometry (a, b), source convection velocity
Uc, jet core and fan velocities U1, U2 , jet temperature and source frequency,
is evaluated numerically.

4.2.3.5 The Far Field of Quadrupoles

In principle, it is possible to evaluate the integral in equation (98a)
numerically and then differentiate the resultant expression with respect to
the source coordinates (rt, 00) in order to generate the dipole and quadrupole
solutions to Lilley's equation. On the other hand, whenever the observation
point is in the far field, it is possible to evaluate this s integral by the
method of stationary phase. The technique is classical and lerefore only
the final result need be quoted. In the limit as (r2 + x2) , equation
(98a) can be reduced to the following:

= Z B cos n (e - 0 ) (K1 r) (100a)

n= 0

where

i E -i o(t - R/c 3 )B~- inTT/2

SR( - M coso) (lOOb)

and R is the distance from the jet nozzle to the observer located at angle 0

with respect to the x-axis, and Mc is the source convection Mach number
Uc/c3. Also, A is to be evaluated at the point of stationary phase, given by

COSOI S = 0 1 - M c cO (lc

where k0 = w/c 3 . Equations (100) contain the results of Lighthill for the
limiting condition cl = c2 - c3, U1 - U2 = 0, as well as the round jet results
of Mani for a - b. Thus (100) is a generalization of all previous acoustic
theories.

89

*-bu~z



Thus far, the location of the source, r0 , has remained arbitrary. Phys-
ically, the most appropriate location for the source is along the nozzle lip
line (i.e., at ro = a and rn = b). However, in the case of a slug flow model
of a round Jet, Mani( 37 ,38) (see Section 4.2.2) has found that the precise
location of the source is not too important, and that sources convecting on
the jet centerline sufficiently explain most of the characteristics of both
hot and cold round jet noise. Thus, in this analysis, r0 = 0 is assumed.

Equation (100) is now expanded in a Taylor series about r0 = 0, yielding
the result

p = CC + YoC 1 cosC + Zoc 1 sine + (y2 - z2)C 2 cos2e

+2y 0 Z 0 C2 sin 26 - - IK I (y2 + z)C0  + 0(r3 ) lT 1 0 0 0 0 (101a)

where
Bn1K]2 1n/2

2
n P(n + 1)(1b)

and (Y?, zo) denote the transverse coordinates of the source. r(n) is the
Gamma function.

The transverse dipole and quadrupole solutions can be obtained from equa-
tion (101a) by differentiation with respect to y0 and z0 , and then setting
r0 = 0. Also, differentiations with respect to x generate longitudinal dipole
and quadrupole solutions. This latter operation is equivalent to multiplica-
tion by s given by equation (100c); symbolically, D/ax - s.

As an example, consider the on-axis y-y quadrupole Q22 = Qyy. The solution
in terms of the simple source solution is given by

S02 = vv = 2 C2 T 0j2KCO (102)

' '" ') =0
, r0

The square of the amplitude of this quadrupole Is given by

I,22 n,1,2 Q22

k' where Q* is the complex conjugate of Q. If we define, for any quadrupole
,, (I, j),

ST2r 2Tra ij f f Qj 2 de de0  (103)
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we find that

2 2 2 W i. o (104)

Physically, a22 is the aximuthal average of the amplitude of a ring of totally
incoherent y-y quadrupoles.

The expression for acoustic pressure (101a) is valid for a "unit" convect-
ing (and compact) velocity fluctuation. Both in the Lilley and Lighthill
formulations, the strength of the noise source is proportional to the Jet
density. Mani(3 8) has shown that a compact velocity quadrupole in a heated
jet generates dipole-like and simple source-like forcing functions. A
detailed derivation of these terms is omitted herein for brevity, but the
final expressions are quoted below:

a 1 k4 P2 Cos 4  *(1 - M cosE) 4 0  (105a)

1 cos 2O do 2 + 2

a1 2 = k (1 - MC coSO) 2  dr C + OPC 1 C1  ] (105b)

3 p 2 L P 2 * - 2

a 2 2 = 6 + r 2 ] + - CIC 1

• 1 * (Oc
2' [C C + 4 (1050)S+ p 2 C2  E K C oCO ]

(2L 2 + 1  (,p 2,

a23 = 12 +- (-) CO
16 3r 2  rC

+ ( _) CICI + p2 c2C (105d)

In these equations, (p, ap/ar, 32p/r 2) are some representative values of
the density and its various gradients. The exact c putation of these
gradients follows the procedures proposed by Mani Note that when p - 1
equation (105c) reduces to (104) as required.

Finally, these various quadrupole solutions are combined so that the
noise source is effectively an eddy of isotropic turbulence, as suggested
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by Ribner (39 ). In the present terminology, the approximate mean square
pressure is given by

P 2 (all + 4a1 2 + 2a2 2  2a2 3) (106)

The factor of proportionality in this equation is directly relatable to the
turbulence properties in the jet supplied by the aerodynamic calculation.
if p2 is known at one angle (say 0 = 90*), this factor can be found and equa-
tion (106) can be used to find the mean square pressure at all other angles.
Thus, the absolute level and directivity in each frequency band can be esti-
mated.

4.2.3.6 Discussion of Results

In applying the previously described model to coaxial jet noise predictions,
three further assumptions had to be made. The first assumption concerns the
selection of a diameter of characteristic length D to use in determining the
typical frequency of each jet slice. A suitable expression for D which
satisfies the limiting conditions when U2 = 0 or U1 = U2 is

UI U2 .
D a + ---- (b - a) (107)

max max

an assumption was also made that the "suitable average" values of U1 and U2
used in evaluation of the directivity expressions of the previous section are
given by 65% of the corresponding nozzle exit values. Further, the source
convection velocity was assumed to be 65% of U1 evaluatLd at the nozzle exit.

Figure 4-18 shows overall sound pressure level (OASPL) variations with
velocity ratio VR and area ratio AR, at an observer angle 0 = 90* . These
predictions essentially come from the aerodynamic portion of the prediction
model and the Lighthill-Ribner theory of jet noise. The data (denoted by
symbols) shown is from Olsen(40), and the theory is indicated by a solid line.
There is remarkably good agreement at all area and velocity ratios. In par-
ticular, both the location and the magnitude of the noise minimum is pre-
dicted correctly. This noise minimum is a direct consequence of the reduc-
tion in turbulence intensity in the inner-to-outer stream mixing layer as the
outer flow velocity is increased to about 40% of the inner flow velocity. *
Further increases in outer flow velocity cause the outer-to-ambient stream

mixing layer rtirbulence to produce the dominant noise. Figures 4-19 and 4-20
show corresonding SPL (souitd pressure level) spectra at two area ratios and
several velocity ratios. The agreement attained between theory and experi-

yi ment was found to be quite good. The data are free field and lossless for
pure mixing noise.

For the precise relationship between the turbulent mixing parameter and

velocity ratio, see equation (280).
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Figures 4-21 through 4-23 show the SPL as a function of observer angle 0,

at constant values of source Strouhal number St = f a(l - Mc cosO)/Ul.
These results, for AR = 3.9, are shown at velocity ratios of 0.4, 0.6, and
0.8, respectively. It may be recalled that the SPL at 0 = 90* comes from the
turbulence prediction and the Lighthill-Ribner theory. The acoustic theory,
equations (100) - (106) extends the 900 prediction to all other angles. It
is seen that the agreement between theory and experiments is good except at
high frequencies and shallow angles, where refraction is generally overesti-
mated. This is a limitation of the slug flow assumption, as Mani( 37 ) also
obtained similar results for round jets.

Figure 4-24 shows SPL versus VR trends at several angles and Strouhal
numbers. Again, the acoustic theory is quite successful in predicting the
directivity pattern, while the basic turbulence/intrinsic intensity models
yield the correct absolute levels.

Finally, in Figure 4-25, the SPL spectra for a heated coaxial jet are
shown at several velocity ratios. Again the agreement between theory and
data [from Kazin, et al.( 4 1)] is seen to be very good.

4.2.3.7 Conclusions

In summary, it appears that the present model is capable of predicting
many of the observed characteristics, including absolute level, of coaxial
jet noise. The noise reduction of coaxial jets, for VR < 1, was found to be
primarily a result of reduction in turbulence intensity. A number of improve-
ments in the theory will be described in the following sections. These
include a better description of the turbulence spectrum (i.e., the slice-of-
jet approach is replaced by a local eddy-volume discretization of the jet
plume), and the slug flow is replaced by continuous sheared velocity and
temperature profiles.
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4.3 GENERALIZED HIGH FREQUENCY SHIELDING THEORY

The purpose of this section is to derive expressions for the pressure

field of various high frequency convected singularities immersed in parallel

jet-like sheared flows. These expressions include the simultaneous effects

of fluid and source convection, refraction, and jet temperature. There i-, no

restriction on the location of these singularities; they can be anywhere

within the jet but the convection velocity is assumed to be parallel to the

jet axis.

The theoretical results show the explicit form of the fluid shielding

integral. This quantity depends rather strongly on the precise location of

the source; the closer the source is to the jet boundary, the less is the

effect of acoustic-mean flow interaction_. It is also shown that convective

amplification for the pressure of a quadrupole is increased by a factor of

(I - Mj coso) I over the classical results, where Mj is the jet Mach number
and is the angle from the jet axis. Thus acoustic mean flow interaction

not only implies "refraction" but also additional convective amplification

due, not to source convection, but to fluid motion. Interesting effects due

to temperature are also evident.

Finally, the results of this section form the backbone of the acoustic

portion of the unified aeroacoustic model described in Section 4.7.

4.3.1 Introduction

Lighthill( 4 2 ), in his classic theory of jet noisc, identified the most
prominent source of noise as the double divergence of the tensor uu where u

is the fluid velocity. He also showed that the acoustic pressure fluctua-

tions that are driven by this source obey the classical wave equation. Since
the source of noise is embedded in the jet, the pressure fluctuations propa-

gate through a region of nonuniform velocity (and perhaps temperature) before

they reach the ol .erver. The Lighthill theory clearly fails to account for

this physical effect, that is, it does not take acoustic mean flow inter-
actions into account expl icitlI.

Recently it has been recognized, especially through the work of

Mani(1 7 , 43, 37, 38), that these acoustic mean flow interactions are ex-

h tremely iml-ortant and explain quantitatively many of the observed character-

istics of cold and hot jet noise. Perhaps the most significant finding of
Mani is that "convection amplification" is frequency dependent, where, in the

definition of convection amplification both source and fluid convection

'4 effects (i.e., a nonzero jet velocity) are now included. Several other

authors, notably Ribner( 7 ), Csanady(14), Schubert( 4 4 ) and Pao(4 5) have
qualitatively explained a number of phenomena by acoustic mean flow inter-
actions.

'9
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Three points in connection with Mani's work are to be made. First, he
treats round jets exclusively; second, for the purposes of estimating the
acoustic field, he replaces the actual jet velocity and temperature profiles
by uniform or slug flow profiles; and third, he assumes that the quadrupole
noise sources are convecting along the centerline of the jet.

Various generalizations to Mani's work have been made. The slug flow
theory was successfully extended by Gliebe and Balsa(46 ) to coaxial jets, the
slug flow profiles were replaced by monotonic and continuously varying pro-
files for on-axis sources by Balsa(47 ) and Goldstein(4 8 ), and results for
arbitrarily located sources in continuously varying monotonic profiles were
derived by Balsa(49 ) and Goldstein(50 , 51).

It should be noted that the slug flow theories become quite inadequate
at high jet velocities (,- 2000 fps) and at "small" angles to the jet axis
(\ < 500). This is especially true for nonmonotonic velocity or temperature
profiles. These are encountered in inverted-flow nozzle exhaust systems. An
indication for the systematic failure of the slug flow theories may be seen
from the work of Mani(3 7 , 38) or Gliebe and Balsa(4 6); although the theory
data comparisons in these references are restricted to jet velocities of less
than 1000 fps.

In any case, it is now known that a satisfactory (i.e., rational and
accurate) theory of jet noise can be developed based, to a large extent, on
the radiation field of quadrupoles immersed in parallel sheared flows. For
the purposes of the acoustic theory, the locations of these quadrupoles are
arbitrary -- clearly these locations must be determined by independent means
such as an aerodynamic mixing calculation. It is also sufficient, especially
at high jet velocities, to consider only the high frequency radiation from
these sources. Tester and Morfey(5 2 ) numerically find the high frequency
asymptote is attained very rapidly. Similar sentiments were expressed by
Pao(45).

The starting point for the present theory is Lilley's equation in which
the jet velocity and temperature profiles are arbitrary functions of the
radial variable r. The relevance of Lilley's equation to jet noise has been
questioned by a number of authors for various mathematical and physical
reasons. It is felt that if acoustic mean flow interactions are important,
as they really are, the Lilley equation must be a first approximation of
these effects. This conjecture is supported by the success of the work of

b Mani. The approach is to solve Lilley's equation for a convected point
source of circular frequency w. This solution is a Green's function. The
approximate solution that is presented is valid to lowest order as ka
(k = w/c.) where a is the jet radius and c. is the ambient speed of sound.
It is next shown how to obtain the corresponding results for quadrupole
singularities and how to combine these to describe the radiation pattern
from convecting isotropic turbulence.
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Thus the present work is similar to the high frequency work of Pao( 45 ) .

There are a number of important differences, however, some of which are: the
current use of Lilley's rather than Phillips'(1 3) equation and the current
treatment of a cylindrical rather than a planar shear layer. The present
work is also quite closely related to the high frequency result of
Goldstein(5 1); however it is felt that the current results are much simpler,
more explicit, and more general.

4.3.2 Formulation of the Problem

It is assumed that physical space is spanned by a stationary cylindrical
coordinate system (r, 0, x') where x' is along the jet axis, as shown in
Figure 4-26. Lilley's equation is given by

L(p; U, x') D p - D Ap - A g2)D
U U (log ar

+ 2 U - = V V.(u'u' - (108a)

d r a x ' D r - -

dU a2p V  (u' - U--

with

Du = -a+ ax (lO8b)

and

2 2 1 a 1 a2

A (T7 + a r y+ ++

(108c)

where t denotes time, p is the acoustic pressure, c = c(r) is the undisturbed
speed of sound, U = U(r) is the mean or time average jet velocity and p = p(r)
is the mean jet density. The turbulent velocity fluctuations are given by u'
and the overbar denotes an appropriate average (u. is the radial component).
The solution to equation (108a) can be written down formally as t - provided
that the solution to

1
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L( ; U, x') = iwt 6(x1 Uc t)(r" - 0o) (109a)
r

is known. In equation (109a), i = Y-1, w, Uc > 0, ro and e0 are given con-

stants (i.e., independent t, r, e and x'). Equation (109a) simply defines a

Green's function. Actually, using the Galilean transformation x = x' - Uct,

it is possible to rewrite (109a) as

-iWt 6(x)6(r - r0)6(6 - 6o) (109b)L(g; V, x)e e0(19
r

where

C (109c)

Thus the canonical problem to be solved is equation (109c) with suitable

radiation condition as Vr
2 + x2  0. The solution to equations (109a and b)

represents the pressure field of a convected monopole source. This pressure

field obeys Lilley's equation.

After using the sequence of Fourier transformations (llOa), one finds

that equation (109b) reduces to (ll0b) where

iTr

ei~t c -isd f ine
-oo -I~ (llOa)

-o < s < -o; n = 0, ±1,

and

d2 + + log(_)2 + 2s dN

r2  r dr co K-Ns drJRdr I

[(k - Ns)2 s2 -- n lb
+ ( - .. .-

i no 10n 6(r - ro )
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with N V/c., k = w/c, and c., is the ambient speed of sound. Note that the
inverse Fourier transformation of (ll1a) is given by

- e-it eiSx dsg 21f,/- e I eiX d(i)

n = -oo -0

The coefficient of dg/dr in (llOb) can be eliminated by a standard
transformation. Defining

1 r c-g (112a)
c -k + Ns

(110b) then reduces to

Pr +tk 2[(1 - ) 2]2 n 2  1/ 4 p

+ -- + T "r r - 2(r) 2p (112b)

i c inO 6(r - ro)
F' - T  No -i -

b where a s/k and

oNo

1-No (1120)
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For small values of r, the term (n2 - 1/4) r- 2 dominates the left hand
side, (note that r-l *r/P has a removable singularity at r = 0) whereas, for

kr >> 1 the term k2[ ...... ] dominates since terms involving a are of order
(a-2) by hypothesis, and ka >> 1. Thus the terms involving q cin be neglected
for all values of r as long as ka >> 1; therefore, (112b) simplifies to

+ k2  r, o) n2 -
/4 (113a)Frr P 11a

inO 6(r - r0 )

where k = w/c., a s/k, N = (U - U )/c,

g2(r; o) ( N

and (-/0o

(113b)

The qualitative behavior of P depends on the algebraic sign of g
2 

-_ p
is "oscillatory" for g2 > 0 and "exponential" for g2 < 0. The turning points
of g2, that is, the values of r for which g = 0, are next examined.

4.3.3 The Turning Points

The quantity g2 is called the shielding function*. For given velocity
and temperature profiles it is a function of the axial wave number a - s/k
(s is the x-Fourier transform variable). It is possible to show, by using
the method of stationary phase for evaluating the s-integral in equation (111)
that, at each point in the far field, the pressure depends only on one value
a, for example a*, where

I

= COS0 (114)
- M coso

The far-field observation point makes an angle 0 with respect to the jet
axis and Mc = Uc/c, is the convective Mach number. Physically, equation
(114) means that most of the sound that is observed at a point (R, 0) in the
far field travels along the line segment joining the emission and observation
points. This line segment has length R and makes the angle 0 with the jet
axis. Thus (R, 0) are really retarded coordinates [Morse and Ingard(2 5));

P * When g2 is positive, it may be interpreted as a local "propagation

constant".
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in jet noise they are generally interpreted as the distance from the jet and
the angle with respect to jet axis [Lighthill( 4 2)].

It is also convenient to introduce an alternate shieldingt function

G-2 =g92  ; = n/k (115)

r

so that G2 is essentially the curly bracket in equation (113a) provided that
k for (n/kr) fixed. Both G2 and g2 will be used in the analysis.

It turns out that when the acoustic Mach number* N = V/c. = (U - Uc)/c.
exceeds unity or when the jet velocity or temperature profiles are nonmono-
tonic, the shielding function, g2 , may have none, one, or two turning points
or zeros, depending on the value of the angle to the jet axis. These possi-
bilities are illustrated schematically in Figure 4-27; the zeros or turning
points are denoted by ro . For certain mean profiles, one could encounter
more than two turning points, however, for technologically relevant exhaust
profiles, no more than two have ever been found.

The illustrations in Figure 4-27 show all the turning points as simple
zeros. Clearly somewhere between 0 = 900 and 70', a situation exists in
which the shielding function is nonnegative and has a double zero. Similar
pathological cases may exist for other values of the angle 0. Also, the
axis r = 0 is a particularly rich source of mathematically interesting alter-
natives. These rather specific situations are not treated here; they are
briefly discussed by Balsa(49).

It is assumed that the turning points are simple and well separated.
This means that the distance between the axis and a turning point or the
distance between two consecutive turning points is at least one wavelength.
In the strict asymptotic sense, as the frequency w -* , one should have no
difficulty in meeting these criteria, except perhaps in certain narrow regions
of width of order (w-1) + 0.

As pointed out above, the radial location of the source, ro, is arbi-
trary. The specific form of the solution depends on the relationship between
the turning points and the radial coordinate of the source. There are six
equivalence classes of problems; these are designated asD , ( ... in
Figure 4-27. The dashed vertical lines indicate the possible locations of
the source. As long as ro < r., the solution will be qualitatively and
physically similar to that of Problem ( . Similar remarks apply to the

other situations. In the following, detailed solutions will be given for
each of these possible alternatives.

For subsonic (N < 1) round jets one encounters at most one turning point.

tSee footnote on page 104.
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4.3.4 No Turning Points - Problem (1

The treatment of the case for which g2 has no turning points is the

easiest because algebraic details are at a minimum and the solution resem-
bles quite closely that of the classical wave equation.

The key point is to observe that the homogeneous version of equation
(113a) has solutions of the form (E/g)li2 Cn (W) where Cn is any Bessel

function of order n and

r

= J gdr (116)

0

Thus one writes, on either side of the source,

P B ( /g)' /2 j (k) r < r0(17

A (u/g)1/2 H(1) (k4) r > r
n 0

where Jn is the Bessel function of first kind and Hn
(I) is the Hankel func-

tion, so that P satisfies the finiteness and radiation conditions at r = 0,
respectively, as required.

The constants A, B are determined by imposing that P is continuous across

the source location, ro , and that dP/dr jumps by an amount c where

c in0

= 2 
2  2 e (118)/27T C k2  (1-Noa

0 CO0

The last result can be obtained by integrating equation (113) across a narrow

region that includes the point r - ro . The subscript "o" denotes the value

of a quantity evaluated at the location of the source; c. - c(ro), etc.

Solving for these constants and substituting them into equation (117),

one finds for r > ro
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T (co 1/2 1/2
P 2 o (i ") H (I) (k0 J (k E (119)

2 n n 0

It should be emphasized that all of these results are valid only at high

frequencies (k = w/c. - -). At lower frequencies, additional terms are pres-
ent; here, these are discarded because they are asymptotically small.

From here on, the calculation of the Green's function is extremely
simple. First g is abtained from equation (112) and then g is obtained from
equation (111). An intermediate result is

-i0tiakx C 0 0 1/2 1/2 1 -Na

e 8re i  (-)(- ) (2rr) do
87cO0 (I -N a) 2

- 0o (120)

C- in(e° -e) (k) J (ko

n=-oo

The above infinite sum is evaluated by the addition theorems for Bessel

functions [Magnus(53)] and the a - integral is evaluated by the method of
stationary phase [Carrier( 31)]. The final result is, as the observation
point recedes to infinity,

0 /c,,o 1/2

9 - 4 7Tc kR (1M 0)2 rogo
0

iw i(R/c. -t) 0 11

x e exp ik (g - g)dr - ocos (e- (o21

0

where c. is the speed of sound at infinity, k = w/co, and g. is the value of

g at infinity. Note that Mo = U(ro)/c is the jet Mach number at the location
of the source. It should be noted that functions of the axial wave number,

a, are to be evaluated at

108 , /



Cos 0
M c (122)

where a* is the point of stationary phase. In particular,

c -2 2
(- (1 - M cos 0) 2 - cos 0

g2 ____________________(123a)

CC92 '0 (1 - M C COSO) 2 (2a

where M = U(r)/c., c = c(r), Mc = Uc/Co and

r
f g d r (123b)

0

Note that the far-field Green's function decays inversely with distance
R; it has a convective amplification factor of (1 - Mo cosO)

- 2 where Mo is

proportional to the jet velocity (not to the source convective velocity); it
depends explicity on the square root of the absolute temperature at the
source co - o, and it depends implicity on jet temperature and velocity
through functions go and o"

The phase delay R/c, represents the travel time from the origin of the
convecting coordinate system to the observation point, and the additional
phase terms in equation (121) represent a correction to account for the fact
that the signal comes from point x = 0, r = ro and 0 = 0o and not from the
origin (x = r - 0). To see this, consider the Lighthill theory (M - 0,
c/c. 1), so that, from equation (123a)

sin0 (124a)
Sg = 1-Mc cos0

and

Cos' os ( - o) - -0

0 R (I - c COSO) (124b)
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where C co are the transverse coordinates of the observation point and the
source-resj-ctively. In this special case, the actual time delay is [R -

CO/R (1 - Mc cosQ)]/c,; a classical result that is well known. In the
presence of mean flow, the time delay is somewhat different from the classi-
cal results. This is because the signal propagates along curved rays rather
than straight lines between the source and the observer.

The final expression for the Green's function (121) is certainly ex-
tremely simple. An alternate expression, although more complex, will now be
derived because the approach developed below will be needed later on; it is
also the method used by Goldstein(51).

The key observation is that the governing radial equation for P

Prr + k2Gp G = - (n/kr) (125)

can also be solved by the WKBJ technique [Carrier( 3 1)]. When g2 is positive
for all values of r, C2 may be positive or negative, depending on the magni-
tude of the "circumferential harmonic" n/kr = v/r. It is well known that, at
high frequencies, the most important contribution to P comes from those values
of (v/r) for which the shielding function ;2 is positive at the source (i.e.,
GO > 0); this contribution is

P e cos (kx ° - )exp (ikX) (126a)

ik /=G-o--
0

where
r

x= f Gdr

r (126b)

and ray7 r o is the unique zero of ;2. Note that the subscript "o" again
represents the value of a function at the location of the source (e.g.,

44 
r

0A f G; d r) and c is given by equation (118).

r
(1v
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After substituting equation (126) into (112a) and (111) one obtaines, as

r co,

-it i c 1- N 0 da
e c iakx 0 N

9- 2 je C 24 c k (1 -Noa) 1

-ir/4 ein( 0 -T)
x e n cos (kX o (127)

n= o 0 0

xexp ik fv (G-g )clr + ik g (r - r)
00 v-O

r

where N = - M C is the value of N at infinity. In the far field as

k (x2 + r2 )1/2-* equation (127) becomes, by the method of stationary

phase,

1 Co/C. iw(R/c -0 1 2,T 1/24 c 2R e 7 (kr)
OmckR (1 O Cos) 0 (128)

x -e cos (kx -T) exp ik -(G -g) dr- ikg
Sn=-m 0 r

(U V

k4 A comparison of equation (128) and (121) provides the value of the

series in (128); this value will be needed in the following analysis.

Actually, it is possible to evaluate the sum directly by replacing it by an

integral and then evaluating the latter by the method of stationary phase.

The anlaysis is quite simple and explicit for g2  constant f gZ, where it

is found that

/
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2-n r 1/2
L0, (k exp ik g r] (129a)

as k . The major contribution to the sum comes from the vicinity of

v = n/k = g r sin ( 0  - ) (129b)

The solution given by Goldstein(5 1) is in the form of an infinite series
(128); but the series can also be evaluated to obtain the simple closed form
result given by equation (121). Equation (126a) is related to the Debye
expansion of Bessel functions [Abramowitz and Stegun( 34 )].

4.3.5 One Turning Point - Problem 0

Consider next the problem in which the shielding function, g2, has a
unique turning point at r = r. so that r. > r,. The solution for P can again
be written down as linear combinations of Bessel functions for r < ro . The

only point to note is that now the appropriate solutions of the homogeneous
version of equation (113a) are modified Bessel functions In (kE) and Kn (kE),
where

r
f f d r r < r, 10~ r~r(130)

0

and g2 = _f2 . Thus f2 is positive whenever g2 is negative.

For definiteness, it is required that P have the form

1/9
A ( V!f)l/ I (k ) r < r(131a)tp no

VO [ BI n (k0 + CK n (kS)] ro <r<r (131b)

so that P is finite on the axis. Across the source location, ro, the con-
tinuity of P and the jump in dP/dr determine two of the three constants, A,
B, and C. The modified Bessel functions in equation (131b) are then expanded

in their Hankel asymptotic forms (k F - -, n fixed) to obtain real exponential

functions of positive and negative arguments.
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These exponentials are matched to trigonometric functions (i.e., to ex-
ponentials of imaginary argument) across the turning point by use of the
classical WKBJ turning point conditions [Carrier(31)]. For r > ro, only out-
going waves can be present; this additional constraint determines coefficients

A, B, and C uniquely.

The solution for the transform of the Green's function is, as k,

p =o 1/2 1/2

2i f -  132)0

wx( 2 )1/2 expi (k C ) e I (kEo)

where r r
o =f ° fdr '  ,= gdr

O r

and again given by equation (118). The mathematical resemblance between

equations (132) and (119) is very close, especially if the Hankel function in
the latter is expanded for large values of its argument. In fact, equation
(132) could have been obtained from equation (119) by a suitable analytic
continuation.

Nevertheless there are important physical differences. The phase factor
in equation (119) (apart from some unimportant constants) is essentially

r rr
r = gdr +f gdr (133a)

f F
0 0 r

a

On the other hand, the phase of equation (132) is essentially

f gdr

r a (133b)
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and it appears that the first contribution to the integral in equation (133a)
r°

has been converted into the real exponential exp (-kCo ) = exp (-k f f d r).
0

This point will be discussed further in the following paragraphs.

The Fourier inversion of P can be explicitly carried out by the method of
stationary phase and the resultant infinite series in the circumferential
harmonics can be evaluated by another addition theorem for Bessel functions.
The final result for the Green's function is

i Co/C. 0 1/2

(1 - M cos0) 2  (rofo (134)
co 0

iw (R/c - t) 0o -k[ CO-Ccos(e - eox e 00 exp[ik j (g - g)dr - ikg rIe 0 0

r

where the above is to be evaluated at a = a* equation (122).

After comparing the expressions corresponding to the two cases treated
so far (i.e., zero and one turning point) one sees that, when a turning
point is present and the source lies in the negative region of the shielding
function, the ratio of the amplitudes of the two Green's functions (i.e., the
ratio of the far-field pressures generated by convecting point sources) is
proportional to

exp ( -_k [  0 C° ( - ]o s 0o)

The geometric interpretation of the argument of the above exponential easily
r

follows in (F, e) space (f f f dr).
) o

b Figure 4-28 shows that the exponential damping (or "attenuation") of the

signal is proportional to kd = w d/c., where d is some effective distance of
fluid surrounding the source. Thus, the deeper the source is embedded in the
jet and the higher is its frequency, the smaller will be its pressure ampli-
tude in thL tar field. Roughly speaking, this dimunition of the far-field
acoustic pressure is a direct consequence of acoustic shielding. It is also
observed that shielding depends on jet velocity, temperature, and observer
angle U through the function f,
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2 2-

2 2 coso - (- M cosO) 2 (C/COO)
-2

(1- M cos0) 2
C

It is also worthwhile to obtain a representation of the solution by the

WKBJ technique directly applied to equation (113a). The function G2 has a

unique zero at r = rav where rav > ra. At the location of the source r = ro ,

G2 = G2 is, of course, negative. Writing F2 = - C2 for negative values of

G2 , one obtains following Goldstein(5
1)

-i7/4 r

P = e exp (- k F dr) (135a)

0 r

x exp (ik)
where

rx :f G dr
r (135b)

a

The Green's function in the far iield reduces to

i 0o/C.o iw(R/co - t) 2 1/2

g 4,c kR ( COSO)2 e 27T kr 0

Wo in (O 1 0 )

x exp (- kf F dr) (136)

n=-oo 0 r
cn 0

xexp[ik f(G-g )dr-ikgoo r ao

r
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The last result can be obtained from equation (128) by comparing (135a) and

(126a). Again functions of a in equation (136) are to be evaluated at the

point of stationary phase.

Consider next the evaluation of the infinite sum in (136). It would
first appear that most of the contribution to the sum comes from small values
of (n/kr), so that, with the exception of the exp [in (00 - e)] term, it is
possible to set n to zero. This is because the larger and larger circum-
ferential harmonics are attenuated more and more severely by the real exponen-
tial factor whose argument is proportional to the (large) frequency. This
analysis says that

ra

g exp (-k f fdr) 6 (0 - 60)
r

0

so that all the radiation takes place in the 0 = 6 o direction; the "amplitude"

in that direction is reduced by a certain integral of the shielding function
f2 = -g2 . While this result is inadequate for the radiation from a point

source because all the energy is channeled into a very narrow region about
the point 0 = 60 (hence the amplitude becomes infinite), it is r:asonably
adequate for a ring source in a jet. This is obtained by integrating the
Green's function; from equation (136) one finds

iT r 2r1/2
gd 6 exp (- k fdr) k f ) (137a)f k 1 0 r0

-T r

whereas from equation (134)

7T 1/2 -k E 7

qdeo ( ) e f 1° (Kk)de

0 r 0 f0
TO -0

/ r(137b)
12 7r

(kr f 0 exp(- f dr)

r0

117



as k o  . The factors of proportionality in equation (137) are identical.

Note that the last result is obtained by noting that exp [k~o cos (0 - 0o) ]
is the generating function of the modified Bessel function In  Thus the
crude summation proposed above gives the correct result for a ring source;
alternatively, it gives the correct value for the circumferentially averaged
radiation field. A comparison of equation (136) and (134) also shows the
more exact value of the infinite series in question.

4.3.6 Two Turning Points -- Problem a

Consider now the case in which there are two turning points at r(l) and
r so that rl) < r 2) and r(l) > ro. In this situation, there are four

distinct regions in which the solution for P must be considered. On either
side of the source one has expressions similar to equation (131) except that
the modified Bessel functions In and Kn are replaced by Jn and Yn, respec-
tively, and f is replaced by g in the definition of C. Across the source
location, ro, the usual two conditions are imposed; two applications of the
WKBJ turning point conditions and the Sommerfeld radiation condition render
the solution unique.

The s or a integral is again evaluated by the method of stationary phase,
and the infinite sum is obtained from a suitable addition theorem for Bessel
functions. The details follow the ideas developed in the previous section;
the final result for the far-field Green's function is

i Co0/C.o0 1/2

4Trc kR (1 - M cos ) r-- 90
0

x e exp ik f (g -g)dr -ikg r(2 e

r(2)

x sin[ k cos (-0) +k 1 )]/sin (2k 1))000

where

r 0

0 j g drf, (138b)

1
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f 
CYgd 138c)

0 r (2)

(1, 2) - f f dr

a (138d)

Several observations are in order. First the reduction in thl)amplitude
of the far-field Green's function is proportional to exp [-k ,(l' I where

(,2) is the integral of the square root of the negative of the shielding
function between the two turning points. Because of this, the far-field
pressure is relatively insensitive to the location of the source; similar
results were found for a slug flow annular jet when the source was placed
in the zero velocity region in the center of the jet. More interestingly,
however, the solution shows the existence of resonances whenever

ar 1 13

where X~ = 2wT c,,,/u3 is the wavelength of radiation. The first resonance occurs
when the effective distance between the axis and the first turning point is
one-quarter wavelength; this condition is analogous to the classical resonance
condition for an open-closed tube. There is also a possibility for a perfect
null in the far field whenever

0 Cos (6-6)+ Ea (1)

-2' 2

04.3.7 Two Turning Points -- Problem

Consider again the case in which the shielding function g2 has two turn-
ing points, but this time the source is located in between them. This prob-
lem will be solved by an application of the classical WKBJ technique. Thus

k the alternate shielding functions G2 and F2 =-G
2 will be used. The geomletry

Is elaborated in Figure 4-29.
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Assume first that (n/kr) = (v/r) is so small that G
2 = g2 (v/r) 2

has three turning points at r(I), r(2) and r (3). Clearly the source must

lie between r(2" and r(3). There are altogether five regions in which the
transform of the GreenT) function must be considered. These are r < r(l) ,

The matching of these solutions across the turning points and the source,

and the requirement of outgoing waves for large values of the radial vari-

able, render the solution unique. This is given by, for r < r 3 ) ,

- r (3)
- iT /4 o

e exp (-k f F dr)
k /G/ oro

(139a)

r

2 a exp (ik f Gdr)4i + a

r (3)

where

(2) (139b)

r

a tan (k G dr)

cv r Y oV r

~Jo

exp (-2k F dr) (139c)

r(2)
Ov

12
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r(3)

y = exp (-2k F dr) (139d)

r (2)

For larger values of (v/r), there is only one turning point at r = rov
(see Figure 4-29). In this case, the solution is considerably simpler for
r > ro,

k e exp ( -k F dr) exp (ik G dr)2 ik /Gf- (140)
Or r

because there are fewer regions to consider. The quantity is given by
equation (118).

Consider now equation (139a). At high frequencies, the exponential
factors a and y are vanishingly small. These factors are multiplied by
a = tan k (.) which may become large, so that the factors a8 and ay may be
of order unity in certain narrow regions. These regions could be classified
as resonances; they are ignored in the present analysis. As discussed pre-
viously (see Section 4.3.3), the current analysis does not take into account
the behavior of the pressure in certain singular or nonuniform regions.
These regions exist in the present mathematical model but are thought to be
unimportant for the physics of high velocity jets. Thus equation (139a)
essentially reduces to (140). In an asymptotic sense there is only one
solution [i.e., (140)] which is independent of the number of turning points
or the value of (v/r).

It is worthwhile to discuss the asymptotic equivalence of (139a) and
(,10) from another point of view. Physically, one would expect the solution
to depend, at high frequencies, only on the conditions (i.e., jet velocity
and tempet.,ture) between the source and the 'ar-field observer. This is
clearly shown by equation (140) in which the dependence on the shielding
function enters only for r > ro. Conversely, from equation (139a), it is

k4 seen that values of the shielding function for r < ro affect the solution
exponentially weakly. In other words, the dominant part of the radiation
arrives directly from the source (rather than from multiple reflections from
the shear layer). In any case, the appropriate solution of this section,
equation (140), is identical to (135a) of Section 4.3.5, so that the analysis
here need not be carried any further.

1
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4.3.8 One or Two Turning Points -- Problems ® and

These t wo problems generate a number of possibilities which are all
asymptotically equivalent. The dominant contribution to the solution comes

from those values of (v/r) for which G2 is positive at the source. The

shielding function G2 will have a number of tu-:ning points at r < ro. From

the preceding section it was noted that only the turning point nearest to

the source affects the solution significantly; the effect of the other (if

any) turning points is exponentially weak. The solution is

Pe exp (k G dr) cos(kI Gdr-
f f 4 (141)

0 r r
a aN

where rov is the nearest zero of G2 to ro (r < ro). This representation of
the solution agrees with equation (126a), and the results for the Green's
function follow from (121).

4.3.9 Interpretive Remarks

This concludes the formal derivation of the expressions for the far-
field Green's function under the assumed behavior of the shielding function.
Although a priori, there were six classes of problems, three of these were
found to be redundant in the sense that they reduced to one of the other
classes. Thus, the solutions to problems (D , (2, and 0 generate all the
required results.

The main point to be made is that, when the shielding function g2 is
negative in a region R between the source and the obseever, the far-field
pressure is exponentially small. The argument of this exponential is pro-
portional to the source frequency and to the width of this region R. The
presence of this (real) exponential is a direct consequence of acoustic

shielding, i.e., the source does not communicate directly with the ambient,

but radiates through a high velocity and high temperature jet.

It would be convenient, following this comprehensive discussion of the
nature of the solutions to the fundamental acoustic shielding equation (as a
function of the number of turning points of the shielding/propagation function

92,to be able to provide simple formulae or criteria by which the number of
these turning points can be generally determined. Unfortunately, due to the
dependence of g2 on the local jet velocity and temperature profiles and the
far field radiation angle of interest, no simple substitute has been found for
the need to actually compute g2 (r) and hence determine the number of turning
points. This procedure can be readily computerized, and indeed is a part of
the computer program contained in the supplement to this report. For simple
exhaust flows such as the conical nozzle flow, one can say that, within the
zone of silence, one turning point will occur, and none will occur outside
the zone of silence. For more complex exhaust flows, o-specially with inverted
flows, no such simple result can be stated.
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4.3.10 Pressure Field of Convected Singularities

The solution of

L(s; U. x') = - DU e -i~t 6(X'-U06(r-r0 (0 0 (142)U r

is required, where S may be thought of as a pressure source in analogy with
the classical wave equation. After evaluating the derivatives on the right
hand side, it is found that the forcing term in equation (142) reduces to

w (x' - Ut) 6 (r - r o ) - )-i e - i c t  " 0 0o

1 i (143)

s, (x' - Uct) (r - r) 6(- 0
+ (U - Uc ) r

where 6' is the derivative of the 6 -function. Thus, S is expressible in terms
of . and JG/3x'. Tn fact,

S = 0 [-iw + (U - U) iko 1 (144a)

or 1 - M cosO

S = - ik QD C 0
0o 1 - M C cosO (144b)

It is now observed that the coefficients of the Lilley operator are
independent of x', ro and fo" Thus, any derivative (with respect to x', ro
or 0O ) of th left hand side of equation (142) is directly transferable to
S. Similarly, these differentiations, when applied to the right hand side,
vield higher order singularities. These singularities model the various
dipole and qutadrupole solutions of Lilley's equation. For example, a suitable
Linear combination of ,S/4r, and ?,S/D60 produces a transverse dip-le, and
,SI/ro represents an r-dipole.

The objective now is to derive the expressions for the quadrupoles that

will be used in the prediction of jet noise. The procedure is outlined below
for the v-dipole, Vy:

sin0o
= 3S/Dy = cos 3S/3r (145a)

y 0 0 0 r 0  Do(

where v,, ic the y-component of the source coordinate. Next the magnitude of
0 v is calculated from equations (144b, 121); this is then averaged circum-
ferentlally with respect to 00 and 0. If
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a 2~ Idoo f dO 1912 (145b)

where J denotes the magnitude of a (complex) quantity, then it follows
from equations (121) and (144b) that

2 k2 a 2
POO___ 0____ -22a Y -32 2 2  (/ )2 (1 - M0 coso) (I - M cosO)

(146a)

[ + (f 0 /r g)

where

r

0 J dr

The subscript "o" denotes the value of a quantity at the location of the
singularity r = ro.

A similar expression arises from Problem (© in which there is a turning
point. In the latter case, however, there is at least one difficulty that
immediately occurs in connection with the expression for the pressure field
of a dipole and other singularities. When the singularity is near to the
turning point, f. - 0 so that ay -+ W. This is physically unrealistic and is
a direct failure of the present theory. The difficulty arises because the
source is now too close to the turning point (i.e., the distance between
source and turning point is less than a wavelength) so the parameter M6 is
no longer small, where 6 is the separation between the source and turning
point. There is a rigorous mathematical procedure for circumventing this
difficulty; however, it leads to great complexity. A much simpler, albeit
approximate, physical approach for resolving the problem was taken. If a
dipole is situated in the vicinity of the jet axis, or if g is a slowly vary-
ing function of r (i.e., approximately a constant), the last factor in
equation (146a) reduces to unity. This sug('ests ignoring the last factor
even in a more general case. This approximation is adopted in this section
to obtain the simplest possible results.

An alternate way to look at this approximation is to note that the
precise location of the source is important only for the calculation of the
exponential (i.e., rapidly varying) shielding factor; the precise location
of the source is unimportant for the calculation of certain other quantities.
Thus, those latter quantities may be approximated by assuming that the source
lies on the axis of the jet. In this case it is found that
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Q2 k2go 2
- 0- cosO)(1 2cos)2

32 7 2 R 2 (C c )2 1-M 0 M (146b)

where it is emphasized that equation (146b) is valid for the case in which
g2 has no turning points (i.c., Problem (D).

The circumferentially averaged far-field pressure of a convecting ring
of y-dipoles is proportional to the square of the frequency and is inversely
proportional to the local temperature at the singularity. There is a con-
vective amplification of (1 - M o coso)

- 2 due to the jet velocity and a
"classical" convective" amplification of (1 - Mc coso)-4 due to source con-
vection. This is because the shielding function g2 itself has a convective
amplification of (1 - Mc cosO)

- 2.

The various quadrupole solutions are now summarized. Defining

2
- (1 - M cosO)-2 (1 M cos) -2 (147)

16 T21R2 (coC)2 0 C

The following quadrupole solutions can be derived:

Problem M

a = 3 k 4 g4/8 (148a)

.ayz / y /3
(148b)

)

k cos 4
a = (148c)

(1 -M CosO)4
~C

90 cos 2)
~~axy 

I

2 (1 -M cos,)) (148d)
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ProblemQ

Defining

r

= exp (-2k f fdr) (149a)

r

r
o0

Y - [ + 4 k f f dr]1 / 2  (149b)

0

then

a yy 3 a k 4fo4/8y (149c)

a = a yy/3 (149d)

cxB k~cos 4 O
a - -- ( 1 4 9 e )

y (1 - M cosO)
C

cx0 k 4f 2 coslo
0a =

xy 2Y (1 - M cosO) 2  (149f)

To obtain equation (149) it has been assumed that the modified Bessel
;A function In (x) can be approximated by (I + 2w x) -11 2 exp (x) for all values

of x. The error in this approximation does not exceed 10%.

These results for Problem ) reveal an interesting effect. For quad-
rupoles situated in the vicinity of the jet axis, y - 1, whereas for quad-
rupoles far from the axis, y - k / 2 >_ 1. As the radius of the ring of
quadrupoles increases, the exponent1dl shielding factor (149a) generally
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decreases. However, the above variation in y tends to reduce the far-field
pressure, or equivalently, increase the effective shielding.

Referring to Figure 4-28, as the individual members of the ring are
moved towards the jet boundary, the shielding of those quadrupoles that lie
in the vicinity of the angle 0 decreases. On the other hand, the shielding
of those quadrupoles that lie in the vicinity of (6 + n) will increase. The
net result for shielding of a ring of quadrupoles is a decrease due to the
exponential factor but an increase due to the factor y. This variation in
y was found to be fairly important for jet velocities under 1000 fps but
totally unimportant for higher velocities. In this report, y will be set to
unity.

Problem G

These results are the same as those of Problem ( except the expressions
are multiplied by the exponential shielding factor

r (2)
exp (-2k f f dr)

r (1

G

Problem ®

The results are the same as those of Problem (D except

r (2)
17

exp ( -2k r f dr)

r
0

Also y is set to unity as discussed under Problem (.

Problems ) and ®

Theqe results are identical to those of Problem (.

This concludes the derivation of the circumferentially averaged pressure
field of a ring of incoherent quadrupoles. It should be emphasized that this
derivation is not perfectly rigorous; difficulties arise, for example, when
the source is too close to the turning point. The present work suggests a

reasonable approach to handle these difficulties. It is believed that the
final expressions of this section are accurate enough for use in the predic-
tion of jet noise.
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4.3.11 The Directivity of Noise

To predict the directivity of noise, the pressure field of the various
quadrupoles must be combined in a specific manner to represent the radiation
pattern from convecting and isotropic turbulence. The work of Ribner( 39 )
provides these weighting factors as

p2 - (a 4a +2a +2a yz ) (150)

where p2 is the mean square acoustic pressure in the far field. The factor
of proportionality in equation (150) is related to the intensity of turbu-
lence, as such, it comes from an aerodynamic mixing calculation. The de-
tailed coupling of jet aerodynamics and acoustics is described in Section
4.7. Observe that equation (150) was also used very successfully by

Mani( 37 , 38) in his prediction of round jet noise.

Ribner derived (150) for Lighthill's equation. It turns out that for
Lilley's equation (150) is essentially correct only for Problems Q, ,

and J; in other words, only when the shielding function g2 is positive
at the source. In this case, all the quadrupoles contribute to the noise.

When the shielding function is negative at the source (i.e., Problems

(2) and ®)

2
p a (151)xx

and the dominant contribution to the far-field pressure comes from an (x - x)
quadrupole. The derivation of this result is quite lengthy and will not be
reproduced here. Suffice to say that Pao(4 5) finds exactly the same result
for Phillips' equation. Roughly speaking, the reason is that the time delay
is associated only with the x-location of the source. There is no time
delay due to the radial location of the source since equation (134) contains
no phase factor depending on this quantity.

For example, for Problem ( , (150) becomes

(I -M cosO)
p (152)

A (Co0/C 0 (1 - Mc cosO) 4

so that the unshielded far-field pressure is expected to be amplified by three
powers of the Doppler factor. This is determined from (152) and the defini-
tion of a(147) and the correction of one Doppler factor as given be Ffowcs-
Williams( 6), This fairly low convective amplification is generally observed
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in jet noise outside the zone of relative silence Balsa( 47, 49). Within the
zone of silence the convective amplification becomes seven powers* of the
Doppler factor (This is determined from (151), (123a), (148a) and (147)).
At low frequencies, this large amplification remains, whereas, at high freq-
uencies, acoustic shielding tends to reduce the far-field sound pressure
level, consistent with the actual behavior of jet noise directivities at
fixed source frequencies.

4.3.12 Conclusions

Expressions have been derived to predict the directivity of jet noise
for arbitrary jet velocity and temperature profiles. The present theory
combines the classical ideas of Lighthill, Ribner, and Ffowcs-Williams with
those of Mani to provide simple results for the estimation of acoustic
shielding.

It is found that due to fluid (rather than source) convection there is
additional convec: ive amplification that depends on the jet velocity at the
source. The total convective amplification of an eddy can vary from three to

seven powers of the Doppler factor depending on the angle to the jet axis.
At high frequencies and shallow angles to the jet axis, the sound in the far
field is greatly reduced. This is attributed to the shrouding effect of the
mean flow.

Outside the zone of silence, jet noise varies as the third power of the
average jet density [see equation (152)]. Within the zone of silence, the
noise is explicitly proportional to the density. However, there is also an
implicit dependence through the exponential shielding integral.

Finally, these acoustic results have been coupled with the calculation
of the turbulent properties of jets to provide an absolute prediction of
noise; this is presented in Section 4.7. In all of this development only

the self-no.se is considered, for reasons discussed by Mani( 3 7 , 38) and
Go Ldskin (51 .

These factors include the correction of one Doppler factor as given by
Ffowcs-Willams( 6 ).
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4.4 ACOUSTICS OF FLIGHT NOISE PREDICTION

A detailed discussion of the effect of forward motion on the generation
of noise is not the objective of this section. However, the effect of
flight on the acoustics of jet noise will be discussed.

These acoustic flight effects are very similar for the Lighthill and
Lilley equations; therefore, only a brief outline of the derivation will be
given (the classical results for Lighthill's equation are well documented).

4.4.1 Introduction

The effect of aircraft forward motion on jet noise was studied by
Ribner(7 ) and Ffowcs-Williams(6 ). They find that the acoustic intensity
varies as

U 7  Uj I1-M* cosOI - 5 1 1+M cosOl -1rel Jc 0

where Uj is the jet velocity (relative to the nozzle), Urel is the jet
velocity relative to a stationary observer, M* is the eddy convection Mach
number relative to a stationary observer, M. is the acoustic Mach number of
the aircraft and 0 is the angle to the jet axis.

The above result is based on a rigorous treatment of the acoustics
consistent with the Lighthill theory, and on some crude assumptions with
respect to the generation of noise (i.e., turbulence).

This result shows that noise should decrease in flight due to the
reduction of the turbulent shear (essentially the relative velocity effect,
U7 0

Urel) and that noise should increase in the forward quadrant (900 < O< 1800)
due to aircraft motion. Experimental data do behave in this general fashion,
although the above scaling principle is, by no means, very accurate.

The purpose of this section is to derive the corresponding results for
Lilley's equation. Only the effect of flight on the acoustics is given
since this effort is not concerned here with the behavior of turbulence in
flight.

4.4.2 Formulation of the Problem

Assume that physical x = (x', y, z) space is spanned by a stationary
cylindrical coordinate system (r, 0, x'), where x' is along the jet axis.
Lilley's equation is given by

13
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1 d
L(p; U, x') - D' p - DA p  (log c 2 ) D

2 U dr U r
C

+2dU 32
+ 2 dr = DU F (x, t) (153a)+dr Dx' a r

with

DU - t + 3 x (153b)

and

F = V - (u' u' - u'ui) (153c)

The Laplacian is denoted by

A = + D2 + + r (153d)

( )2 Dr2 r 7rr 2 DO2

and t denotes time, p is the acoustic pressure, c = c(r) is the undisturbed
speed of sound, U = U(r) is the mean or time average jet velocity and

= p(r) is the mean jet density. The turbulent velocity fluctuations are

given by u' and the overbar denotes an appropriate average (u' is the radial

component). The geometry is illustrated in Figure 
4-30.

The quantity V is the source of noise; only the self-noise part is
considered for the reasons discussed by Mani(3 7 ). At infinity, the jet
velocity is assumed to have a nonzero value U_, so that in the present

section the acoustics of a jet placed in a large wind tunnel of free stream

U,_ will be consi(Icred. It is shown how these results can be used to obtain

the sound pressure level in flight in section 4.4.5.

4.4.3 Solution of the Problem

The solution of the above problem is obtained by the techniques dis-

'4 cussed in section 4.3. Again, there are six equivalence classes of problems,
bit only one of these will be considered in detail. This is the case in
which the shielding function g2 (123a) has no turning point.

The effect of a nonzero tunnel or jet velocity at infinity is extremely

simple for the acoustics and results in referencing all velocities to the
free stream U.. Hence, the expressions derived in section 4.3 (for U. = 0)
are directly applicable provided that the followirg replacement of variables

occurs:
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Figure 4-30. Geometry of the Problem.
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M .M =M -M (154a)

C C C c

M M = M - M (154b)

where on the right hand sides of (154), M and Mc are the jet and source
convection velocities (normalized by c. = speed of sound at infinity)
relative to the nozzle, and M. = UI/cw is the free stream Mach number. A
derivation of this eqivalence principle is given by Balsa( 54 ).

It will now be convenient to treat a "stationary" source for which Mc = 0.
The efiects of source convection will be introduced at a later stage through
a moving turbulence correlation.

From equations (121) and (144b) of the previous section and by the
principle of superposition, it is possible to show that

P f coo dxo
= 4TR (1 +Mcoso 1 - M cosO

0

F [xo , t- R/c + T] (155a)

where

0r X0 -
T = -J(g - g ) cs + (155b)C c ( + M Cos 0)

= (1 ' 2' l3) = (coso , F CosO , sin 0) (155c)

and

! ( -M CoO ) 2 2 /]1/2
= ) CoS2] (155d)

(/c )2

Here p_, c.. g_ are the values of the density, speed of sound and shielding
function at infinity, R - is the (retarded) distance from the jet and

is the (retarded) angle to the jet axis. Ths subscript "o" denotes the
value of a quantity at the source point xo,

g = F/(I + M cos,)) (156a)
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and

r

= g dr 
(156b)

0

The integral in equation (155a) is evaluated over the jet volume. An approxi-
mation implied in the validity of (155a) is that Eo goro.

The principal result (155a) expresses the far-field pressure as a
suitable integral of the double divergence of the Lighthill stress tensor
evaluated at the retarded time. The effects of the shrouding jet are shown
in the factor (c./c) (1 - R cos O)- l and in the coefficient r. If (c/c) = 1
and M = 0, F = sin 0. Note that the components of in. (155c) are written
in the order x', y, and z.

The relationship between the retarded coordinates (R, 0) and actual
(tunnel) coordinates (R*, 0*) is given by Morse and Ingard(55)

R 1 (157a)
(I1+M 2 -2Mcoso) 1 / 2

-1 Co M 0 - M 00 1/2)(157b)
1I+ M - 2~oo

For a definition of tunnel coordinates, see Figure 4-30.

4.4.4 Results for the Spectrum Using Moving Correlation

The purpose here is to give the expression for the 1/3 octave band

spectrum of the noise of a jet placed in a wind tunnel. The results can be
written down by inspection from the derivation presented by Goldstein(5 1 ).

Define the autocorrelation of the acoustic pressure at a fixed point in

the far field by
00

P(t) = p (p(t+) p (t) p (t+ )dt (158)

where T is an arbitrary time delay. The power spectrum of jet noise is
defined as

I 2 fP (T) exp(iWT) dT (159)

-00c
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so that from Goldstein(
5 1)

p2w 4 2  ( 5 ijk
wI (1+M COSO 5 ~~~- 2 4 R 2 1 + M coso (I +M cosO)

C -2dx

(1 - M cos o)2
0

xHijk - (160a)x Xo c (1 +McosO) W1 +M cosO j
The quantity wI is essentially the 1/3 octave band spectrum, repeated indices
denote summation, and the integral without limit denotes integration over
the jet volume. The observed radian frequency is denoted by w.

The spectrum of the moving turbulence correlation is denoted by

H..jkz ( x,k, w)- (7) dT fdL R k (-X, L. , T)

exp[ iw (T -k (160b)

Note that RijkZ (x, S,,T) is the usual convecting two point correlation of
the Lighthill stress tensor at points (x + ,/2) and (x - /2). As such x is
the mean coordinate of the points and F is the separation vector. The
velocity fluctuations at these points are correlated with a time delay T.
The turbulence is assumed to convect at Mach number Mc relative to the
nozzle and M'c = Mc - M .

The interpretation of equation (160a) is interesting. The noise that
i ; observed at frequency o in the tunnel is generated by turbulence at
freq jencv (I - M, cos )I (I + t, cos ) , For M, = 0 this reduces to the
wull known Doppler shifted frequency. The wave number of turbulence that

b contribuLes to this noise is simpk1y w. 0 (I + M_ cos )-I/c,. The estimation
01- 'ijk; or Hijk; comes from the aerodynamic mixing calculation.

4.. 4 ,jdctrum of Noise in Flight

Consider now a nozzle convecting to the left at Mach number M = U /c
(Figure 4-31). Imposing a uniform velocity of U- on this system renders the
,no,zle stationary and produces a uniform stream of speed U-o at infinity. This
corresponds to the previous wind tunnel situaton except for the following
modification: when the nozzle is in forward flight, the observer is generally
stationary relative to the ambient so that there is motion between the
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observer and the nozzle. On the other hand, in the wind tunnel there is no
motion between the observer and the nozzle. To account for this difference,
one must Doppler shift the tunnel results by the amount Q = w/(l + M cos C).

Thus the spectrum of the sound pressure level in forward flight becomes

2

W - i c, i j Ck(
2 c4R 2  (1 + M coso)

f 2 dxrH )-o
J (1 - M cos 0)2

0

H j { 0 O Q - MCO 0)! (161)

where 2 is the observed frequency.

4.4.6 Discussion

First it is interesting to consider the limiting form of equation (161)

as M - 0. In this case

M M

M M
C C

so that, apart from the dynamic factor of (. + M cos )-], the spectrum
of the noise from a stationary nozzle is functionally identical to that of
a nozzle in forward flight provided that in the latter case all velocities
are referenced to U

Forward flight also produces an amplification factor of (I + M cos 0)-1
which wil] increase slightly the noise in the forward quadrant (90 ' < C < 1800).

Actually, forward flight will change the magnitude of the spectrum of
turbulence somewhat because of reduced mixing. Therefore, in addition to
the above relatively simple acoustic effects, there are more complex effects

A due to changes in the turbulence structure. These can be calculated from a
computer model for the aerodynamic mixing but it is very difficult to give
an accurate a priori estimate for them with any kind of generality.

4.4.7 Conclusions

"To predict jet noise in flight, one can use the expressions derived in
sections 4.3.10 and 4.3.11, provided chat a convective amplification factor
(I + M cos )-I is adjoined to the mean square acoustic pressure and all
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velocities (jet and convection) are referenced to the flight velocity. In
other words, nozzle fixed jet and convection velocities are to be replaced
by the corresponding observer fixed velocities. Apart from the Doppler
shift of Q = w/(l + M cos 0), there is complete equivalence between the
spectra in flight and in a wind tunnel. They both produce a dynamic
"correction" of one Doppler factor.
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4. 5 REICHAiRDT' S THEORY FOR ARBI TRARY J ET FLOWS

4.5.1 Introduction

An essential ingredient to tilt s tudy of jet noise is the description of
the jet plume f low field. 'lire tUrbliurt mlixing ! Of the e'Xhaulst flow with
the ambient surroundings cons 't it Lutes pr imiary noise sokurce, mechanism. The
spatial distributions Of p)L lan ean (t ime-averagcd) properties such as
veloc itY, density, etc. , determine the degree to which Lihe generated noise
is amplififed due to convection and/or shiededd as it propagates through the
plumie to the ambient field. P'ossiblec approaches to reducing the noise
emitted by a turbulent jet include: (I ) alIteration of the mixing process,
(2) reduction of convec.tion effects, and (3) reinforcement of the flow
shielding effects. These concepts for reducing jet noise require a thorough

graspofthle fluid mechanics of turbulent JLand, there fore, nto o
predicting turbul-ent jet flows is indispensable, Traditionally, jet noise
reduction has been achieved bv exhaust nozzle area shaping and flow division.
Examp les ot area shaping include ellIiptic ard rectangular nozzles, multiple-
lobe nozzles, etc. Examples of f low div ision include muititubo nozzles and
nultispoke/chute nozzles. A survey of experimental results pertinent to
these types of jet nozzles was given by Stringas and maini(56); a major
Coneclusion of this surv'e Was that ai systematic approach to the understanding
of _et flow s truecture for arb itrar ilIy shaped nozzles was required to provide
a technological basis for design opt imization without resorting to expensive
and timne-consuming pa ranetric testing.

The development of an aCCUralto compuita tional p rediet ion method for the
flow field of turbulent jets emanat-ing from nozzles of arbitrary geometric
shape was- Undertaken to fulfill, the requ1,irements desc.ribe-d above. Several
approaches to modelin1g free turbulent flows rel evant to the jet plume problem
have been estabIlished F-or simple round jets. AnI excel lent review of the
cutrreaL ~a~or tli irt oil turbulent f by:,. modeling hias been published by
Launder and pli ,n (5-7). lb is review covers thfe range in niode 11mg complexitv

rom the s inmic 1P2 P rand- Illn x ing; I co t h nodelI to tire more roecent highly
sophlisticalted mu iequa t i on- cl1osu re models wic h require numerical finite-

MIotLiv-itL'1 ox% tJ1 des ire [0 esah 1si predictionl me1thod for turbulent
of irbitri irv iii i I ross" Scioi s'Osessment was IMade of the paSt
Ul current IIIe r)L I oc 1 1s, s- i t 1ir view, towaird sele-,cting thfe apI)proach

ril crwoo h rt qit i irc a Ii mini rrmnt L101 Of dove' loneILnt , an1d at t11e sa-me time
Pro: id.I kt-ort ial l I-11e reqlir i rd IC(lrra'V forL tire Intended aipplication.
.ous i do rat ion wai a11S so p 1von to e. iso or imnp lomen tat ion ;is- a p raectica~l co~mputa-

t ioii'l proedIir". lihe neICtII 110 inal l seece for further development was
- ~t rat1 of NiI I) lhi ci is ;]rr extension otI theL work Of AleXander et a]. (591

t , r -b) i tI I- I! l ' s / Ira e. rho i 1:rLrod is based on1 Rel ilirdlt .sO) inductive
is rv- , r re I un I)t IIC .eie i khey feature ofi tis thirors was the establ ishment

i ii o~r r- (,,'11 x* 1n ' (1r1 Ii 101 :p Itio 1o- t:ou tm I ~rso- . Irhis I ineirritv
ci t ira. l an:. it 1 11 v- tI III 'U) iryu L)o i IiIli pr lilt pIe' to constrUCt quite

)I(.: ll- tiiliring -' -rtix sout ion tir-i, constderab v simpli-
tilrg t' iliteriti-r1ad crrirlUtatLiii 1 aspects IIt thre 1) rob Ieii. AIL, ough
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more modern and rigorous mt.thods were availab]e for simple jet flows, there

was no other technique available which offered the capability of modeling
jet flows typical of aircraft engine suppressor nozzles (e.g., miltip] -
lobes, multitubes, multispoke/chutu nozzles).

Although the developments of Reichardt's( 6 0 ) theory, as proposed by
Al exandert(5q ) and Kendall( 5 8 ), have been approached from the viewpoint of
superposttion of elemental "point source" jet solutions to construct complex
jet solutions, a more formal mathematical treatment is given herein which
rerco4ni es the inalogy with transient heat conduction problems. Additionally,
a formal extension to include the effects of prescribed pressure gradients
on the plume is also given, in anticipation of recognizing the influence of
variable base pressure effects on multielement nozzle flows. Considerable
attention is also given to calculation of those turbulent structure proper-
ties relevant to noise generation. The formal mathematical treatment employed
herein, utilizing Green's function methods, is shown to yield results
identical to those obtained using the superposition approach.

During the course of the theoretical development, certain constants
related to the mixing and entrainment properties of the flow arise. These

constants must be evaluated experimentally, and methods for deriving these
constants from experimental data are discussed. Comparisons of predicted
and measured flow field quantities are presented for several nozzle geome-
tries of interest, and the strengths and weaknesses of the prediction method
are discussed. Finally, suggestions are made for extensions and improve-
ments in the theoretical model.

4.5.2 Basic Equations and Assumptions

Consider a jet emanating from a nozzle of arbitrary cross section, as
shown in Figure 4-32. The governing equations for axial momentum transport
and conservation of mass, in absence of laminar viscous stresses, are as
follows:

u U U L1 0 (162)

4 X Dy z C) x

+ (pu) + (pv) + (Pw) = 0 (163)
)t JX dy

where (u, v, u) are the (x, y, z) - components of instantaneous fluid velocity,
respectively; and p is the static pressure and p is the density. Time is
denoted by t. By multiplying equation (162) by P and combining with (163),
the conservative form of the momentum equation is arrived at:

i U + ) + + (ouw) + -  0 (162a)
)x 3v z x
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F lr4-32. Jft Nozzlo Flow CoordillaLt Svstem and Nomenclature.
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Consider next the instantaneous flow variables to be comprised of a mean
value and an unsteady, fluctuating component; e.g., u = u + u', v = v + v',
etc., where overbars denote time-average values and primes denote unsteady
components. The unsteady (turbulent) component has the property that

f t-rT

lim 1 =
T->. T udt = 0

t

With these distinctions, it can be shown that equation (162), after time-
averaging and assuming that density fluctuations are small (p'/P 1 1), has
the well-known form

,I Lu - 3u - Ju a_ =73 +XWv 3z + x 9x

(164)

(i Lv') - (P u'w'y 3 (z u

The assumption that terms involving p' are negligible amounts to an assumption
that the turbulence Mach number Iu'/cl< 1. See, for example, Hinze( 61 ), p. 19.

Equation (162a) can also be time-averaged, and the mean quantities can be
assumed invariant with time. The result is as follows:

_ (i7u-) + - (puv) + - (Pow) + - = 0 (164a)

Both equations (164 and 164a) contain the same simplifying assumptions.
Equation (164) is the classical turbulent flow equation usually employed to
analyze turbulent flow problems,_and explicitly displays the turbulent
stresses (p u-), (p u'v'), (p u'w') on the right-hand side. Equation (164a),
which is employed herein, contains these same quantities implicitly through
the relations

O pu - + u-2  (165)

Puv = p uv + p uvV'

Cuw p uw + p u'w'

The point to be made is that, in the Reichardt approach which follows, the
starting point is the same as in the classical theories of turbulence, and that
the departure arises in modeling the turbulent sheai stresses, an area which
by no means has a Universally accepted method of approach.
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The Reichardt(6 0 ) hypothesis that the transverse momentum fluxes are
proportional to the corresponding traverse gradients of the axial momentum
flux is now invoked. A discussion of the implications of this hypothesis is
given by Hinze( 6 1 ), pp. 290-293. The following relationships are therefore

assumed:

ouv - AW(x) (Pu); Puw = -A(x) ()uZ) (166)

The proportionality factor A is assumed to be at most a function of axial
coordinate x. Substituting equation (166) into (164a) yields the following
governing equation for Pu-:

- (u-7)2- \(x)[ 2  2 ( (167)

(7UZ) - y2 (7 TjZ) + 77 (~ )] =- 2R

Reichardt's original theory presumed constant static pressure throughout the
flow, as is usually the case for wakes, jets, etc. The pressure gradient
term will be retained herein, however, in the hope of being able to assess
reduced base pressure effects typically occurring in multielement nozzle

flows, as discussed in the introduction. The assumption is made that the
pressure distribution in the jet plume is known, either from experiment or
from an ii lependent auxiliary calculation. The pressure gradient term in
equation (16/) is therefore treated as a known "source" term. This approach
was first suggested by Kantola( 6 2 ).

Let f = q 2 and Q =- p/ox. Equation (167) can therefore be rewritten

as follows:

L(f) = Q(x,y,z) (168)

where

F 2 1 ,2

LM (X) - .7x + (169)

A soltion ot equation (108) is sought with the appropriate boundary conditions.
A, pointed out by Kintola(62), equation (168) is analogous to the diffusion
e Jquat ion 1(,r transient heat conduction, the momentum transport coefficient
k ,rresponding to a time-varying thermal conductivity. A list of analogous

A pr'Prt is :. ;resented below:

Si{, ibirdt lh 1trv Thermal Diffusion

l inurk.otm '1 = temperature

1 , i. 1 ,irk t i n t t m e

(X) = mnoment ,(t) thermal diffusivitv
trans port coet t icient
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In the Reichardt theory, the total momentum at the nozzle exit plane x = 0
is conserved in the axial direction in the same manner as the total heat
energy is conserved with time in the thermal diffusion problem. The
analogous thermal problem which corresponds to the jet momentum problem is a
time decay of an initial temperature distribution, with a time-varying
thermal conductivity. From this analogy, it is apparent that the jet
momentum must be specified over the entire exit plane x = 0.

It has been implicitly asuumed that Reichardt's mixing hypothesis,
equation (166), holds even in the presence of a pressure gradient. This
assumption may be questioned on the grounds that pressure gradients may
alter the transverse momentum independent of the mixing process itself. To
examine this effect, consider the time-averaged transverse momentum (y, z)
equations, as follows:

- (Puv) + -7 ( v-7) + 7 (-L -

ay (170)

T Puw) L- (-Pv-w) + - (Pwz)=-
e3 Dy 3z a_

As~suming that the jet plume flow direction is prmarily axial, such that
v/u < I and w/u - 1, the terms pv2 , (vw and 0w are probably much smaller

than the terms involving puv and puw. Equations (170) can then be approxi-
mated by

-u) Z (puw) - (171)
Ix , D y' Cx Z

Thus, the additional contributions to the transverse momentum by the traverse
pressure gradients are given by direct integration of equation (171):

pUW (Puw) o - J (ap/ y) dl

0

~(172)

uw (uw) o  f ( /z) dF,

Assuming that the exit-plane distributions of ouv and ouw are known, Reichardt's
., mixing hypothesis is then modified by the additional contributions given by

equation (172):
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xi

Puv = (quv) o - f (p/ 3 y) df - X(x) y (pu 2 )

0 (173)

X

PUW = (puw) o - (;4p/Dz) d - X(x) L (Pu 2 )

0

Substitution of relations (173) into (164a) yields the same equation form as
(168, 169), but with Q(x, y, z) now defined as follows:

Q(x,y,z) = - ( Puv)o + ,- (°Uw)o -

x (174)

If the flow is axial at the exit plane, the first term in (174) vanishes.
If the transverse pressure gradients are small and/or constant, the third

term in (174) vanishes. Therefore, the pproximation Q -Ip/3x is not
very restrictive for practical applications. It will henceforth be assumed

that Q = - Dp/3x, although the exact form for Q assumed does not affect the
solution pr4cedure. It will also be assumed that equation (166) is suffi-
cient to model the Reichardt hypothesis.

For heated jets, the temperature distributions are also required. The
stagnation enthalpy flux, in absence of viscous (molecular) dissipation and
heat losses due to conduction and radiation, is a conserved property.
Detining stagnation enthalpy H as

1 (2 + 2 w211t= + 1 Wu + v2 + u,2 Te  (175)

where ct) is the specific heat at constant pressure and T, is the ambient
temperature, the governing equation for stagnation enthalpy transport is
given by

3H + u I+ v H+ W . _ (176)
t x -y D z p at
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Sitmillar to the xial monien tum tr;im-sort eqt ation deve]opment, equation

(176) is combined with the continuity equation (177) and time-averaged to
yield the following:

-x ( u) + (pvH) + - (pwH) = 0 (177)

Analogous to the Reichardt hypothesis concerning momentum transport, it is
assumed that the transverse momentum flux is proportional to the corresponding
transverse gradient of axial enthalpy flux:

(x) -,) (178)
pvH= - Ah (x) y (puH) ; QwH= - x az(7

Substitution of relations (178) into (177) yields the following governing
equation for (puH):

(puH) - X X (xH) ( + 'H 1  = 0 (179)x ~ ~ ~ 5 h(pIuH)Ta_7

Hence the governing equation for enthalpy flux (puH) has the same form as
equations (167) or (168) and (169) for momentum transport, except that the
right-hand side Q=0. The solution of equations (168) and (169) applies
equally to (179). A new variable, the enthalpy transport coefficient Xh(x),
is introduced which is also permitted to vary with downstream distance x.
As will be subsequently shown, these transport coefficients X and Xh must
be evaluated from experimental measurements.

4.5.3 General Solution

A formal solution to equation (168) can be obtained utilizing the
Green',s function techniques discussed, e.g., by Greenberg(6 3 ). With the
boundary condition that the transverse gradients of f, i.e., @f/3v and 3f/3z,
vanish as y - - and z - =, respectively, the following general solution has
been obtained:

f(x,y,z) = fffGQdV + ffIfG I dS (180)
V S

where G(,, n, ; x, y, z) is the Green's function which satisfies the adjoint
equation to (168) and (169),

DG32G 32GI
- x( ) + 2] = 6(-x) 6(ri-y) 6(r-z) (181a)
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subject to the boundary conditions

L[njn] ] 0, [O] =0 (181b)

The volume integral V is over the domain of f, i.e., V(O < F < - < n <

-- < < -), where (C, n, r) are the variables of integration corresponding to
the (x, y, z) coordinate directions, respectively. The surface integral S is
over the nozzle exit plane at x = 0, i.e., S (-- < n < -, -- < < -). The
first term in equation (180) represents the effect of the pressure gradient
source term Q on f, and the second term represents the initial datum plane
diffusion as a function of axial distance x. The Green's function solution
which satisfies (181) is given by the following:

G(F,q,C; x,y,z)= HCx_-F) e(Y-r)2/4a2 e-(Z-) 2/4a2  (182)

where
X X

a2 =fx A(x)dx, a2 = f )(x)dx (183)
F 0 0

and H is the Heaviside step function. Substitution of (182) into equation
(180) yields the final form of the general solution of equation (168),
which applies to either f = Pu- or f = puH, as follows:

x
f(xyz) f f~i f Q c -(y- tl) 2 /4a 2 e-(z-r) 2 /4a 2 dqd di

(184)

+ f f -(y-11)2/4a -(z- ) 2 /4a 2

+ J 4iia2 e(o, ,,, 3 e o dnd

Thus, given the exit - plane (F = 0) distribution of f and the distribution
of the source function Q throughout the field, the value of f at any point
(x, y_ z) can be computed by equation (184). For momentum transport,
t = ou- and Q = -Jp/ x. For neat transport, f = puand Q = 0. It may be
noted that, in recent approaches to turbulent flow modeling, an analogy is
usually drawn between transport of heat and the transport of any conservative
scalar property of the flow, such as species concentration, turbulent kinetic
energy, and even turbulent mixing length scale [see, e.g., Launder and
Spalding (57)]. This analogy can also apply to Reichardt's theory as
developed herein as well.

148

i ! j



4.5.4 Experimental Evaluation of Empirical Constants

The general solution for the momentum and enthalpy flux given by equation
(184) is characterized by a transport coefficient A(x) and a corresponding
mixing layer thickness a(,,x), the two quantities being related through

equation (183). These quantities are permitted to vary with axial distance
along the plume, but should be independent of cross-stream coordinates
(y,z). Ideally, these parameters should be independent of nozzle shape,

type, and exhaust plane conditions.

Prior to performing a numerical evaluation of the empiricial mixing
parameters (A, a), it is convenient to recast equation (184) in cylindrical
coordinates, since, in many cases of interest, the symmetry of the problem
can be exploited in this coordinate system. In the cylindrical coordinate
system, a point at (x, y, z) is defiaed by cylindrical coordinates (x, r, i),

where r = y2 + z2 and p = tan -1 (z/y). The integration variables (C, I )
have corresponding cylindrical coordinates ( , v, a), where v = A, 2 + 2 and
a = tan-i (c/n). Equation (184) can therefore be written in the following
form:

f(x, r, p) J f f Q eR 2/b2 vdvdad

o 0 0
(185)

2r
f f 1 fR2/b 2

_ J f(0,v, e vdvd

o 0

where R2 = (z-c)
2 + (y-n)2

(186)

or R2 = r2 +v2 - 2rv cos (W-a)

,nd b=2a (187)

For the case of free turbulent mixiag with no pressure gradients, MQO),
equation (185) agrees exactly with the result of Grose and Kendall (8)
obtained using the superposition technique. Note that henceforth the
parameter b=2a will be considered the characteristic mixing layer thickness

*instead of a, to be consistent with previous notation of prior authors. The
, coordinate notation in cylindrical coordinates is illustrated in Figure 4-33.

In order to evaluate the parameters b and X, the special case of an

axisymmetric round jet wiLh no pressure gradients is considered. Also, it

is assumed that there is uniform flow at the nozzle exit plane. For this
case equation (185) reduces to

• , fj 2ir d/2 -R /o

f(x, r, f) = f 21T J J e 0 vdvdax (188)

0 0 4
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I I o i L d~ tli e.l 1111" t r AI01, Llit' JL cet, LrIi n e r= 0, the
a rgillien t R reduces c, iid the .ihov& cx )r eSs4: L)IIi: -; i net i ltegrit ed directly
t o g i v':,

1 ( f ( x, ,0 - "-d 2 /v (189)

ii~ ii LIe var i L ionl Ot b Wi t lX i kinwnl, dIhe ,, lt l1 Linc d istributionl Of
CLI ~I)L he copUt:Cd 1-1011 cinit o ( 1i1ji) . CinVe'rSL. V, i f theit c entre rIi ne d is t ri-

bI t Li Oil 0 f isf i IL~iI:lb Ic L' rI I011 C)tr I ilte t ilk- 1 nC Li onl I), (x ) onn be in fer red.
n paZrt iCln Ir Cur theL ilxiS\lIleIjcLr ic rOLndC JUL, eg in ~t ion1 (189) yields

Lex -f 0-)--fY (190)

If I irs t the, Lncompiress ile or isOtliermal jet. with f = I, is considered, then
f~f ( L 1,X/u wh ere u u is the Jet nozzle exit velocity. Unfortunately,
within experimental riccuracy, u (> )u f or Lte first few diameters (0 < x < 4d),

sotht qn ri 0 90) en mLlo he kise~ Lu evaluate 1)(x) In that region.
However, if we consider the reg ion of the jet where centerline velocity
decay is predominant, i .e. , \/d ->I ,so that f (x,)/I is appreciably less
than uinity, then e(Ju-atiOn (19(0) ain be aipproximated by

b__ j= IT (191)
d - 2 Vf Wi 2 uWx

where ii(x) Is the, jetcii inAc ( r=d) ven e oeitv distribution. From
mleiss ~retlen ts Of ki(x ), h(,ic n theni he eva lua ted. I t is a wel11-known
re2-mit(sec.. V(t iu, ,L :i, 1-,; (17) that Lue ceanterline velocity u(x)
decays" I-- I /X in tie fill 1 -developed s i larity region. This is illustrated

n I Lit- 4-3- . f'liis expec imentaL IObservat ion implies that bo is propor-
tional toix i .O

(192)

Wil'tk- e i I c lust, in t , termled the momentum spreadiLug parameter. If a
st ra ii it -1I ie cuirye 1 s ft ted to experimental measuirements; of ui(x) , on a
I oga r inm scale- as s ioxn in Figure ;-3 vin i sopeof (-I) , the
initercept It Ui(X)/u1 = I defines a potential core length L,, also shown in

1 co . hl graphi -il I y determining L-c the momentum spreading constant
cci) : 't-Iu ingl (-qyia Les I(W) ind (191) w ith ui(x) -uj and x = L

CM 2 ft /d (193)

Ox) 
(194)
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Many investigators have developed correlations for the centerline velocity
distributions of round jets as a function of jet exhaust Mach numbers Mj, free-
stream to jet velocity ratio ue/uj, and no; zle shape. These empirical correla-
tions have been employed to determine the functional dependence of Cm on the
parameters Mj ue/u, and nozzle shape. A summary of the relevant correlations
is given in the foliowing paragraphs.

Forstall and Shapiro(6 4 ) correlated experimental round jet measure-
ments of mean velocity with the ratio of external flow velocity ue to nozzle
exit velocity uj, and proposed the following correlation:

u(x) - Ue _ Lc=W U ~ x > L
uue x c (195)

1. /d 4 + 12 (ue/uj)

Bradbury(65) has proposed the following correlation of centerline
velocity for round jets in a coflowing stream:

u(x)-ue =6.82 J1-  
(196)

uj -ue u ed/

Harsha( 6 6 ) did a very thorough and extensive survey of published data
on plane and axisymmetric jets and wakes, critically evaluating the
experimental configurations and conditions for possible sources of erroneous
or misleading measurements. Although liarsha encountered difficulty in
obtaining agreement among the several data sources examined, he did identify
two important parameters which affect the axial velocity decay rate:
(1) nozzle Reynolds number Red = P ujd/ii, and (2) nozzle exit plane internal
and external boundary layer thickness. For a jet issuing into still air,
Harsha (1971) obtained a correlation with Reynolds number of the form

u(x) - 2.13 (Red)0 0 9 7 (x)-1 (197)

ularslia( 6 6 ) recommended Bradbury's(6 5 ) iormula, equation (196), for corre-
lating the influence of external flow velocity ratio, but cautioned that the
nozzle exit plane conditions (turbulence levels and boundary layer thick-
nesses) have a strong influence on the velocity ratio effect. Although no
quantitive method for estiTnating these influences was recommended, Harsha
did present an example numerical calculation (using a Prandtl eddy viscosity
model finite-difference prediction procedure) which showed a definite trend
of increasing boundary layer thickness producing more rapid plume decay.
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This trend opposes the tendency of velocity ratio to retard the velocity
decay, as predicted by equations (195) and (196).

V aGlahn et al(67) proposed a correlation for jet centerline velocity
decay which depends on jet exit Mach number Mj and nozzle flow coefficient
('11, as follows:L

Uj, -uj

where (198)

Comparing equ, sit 1', with L195) suggests that Lc I 1 +>i.. A compila-
t ion o di t a It ''it . n Ii r s Was presented '." harsha (6 6 ), and these
data, in the t-arm o , n velocity as a function of axia l distance,
were used to evalu;atC the dependency of l,c on Mi. Shown in Figure 4-35 is a

plot of L 5 /d I + Ma.- a func tion of Ij. It is seen I rom this plot that the
functional depdendenc, 1, 1 + 14 holds quite we] I for "I I . 5. Also
shown is the 1 inear depcndence Lc - (1 + 0. 5 Mj) sugges to , . :rsha, which
also correlates quite weli. The data used in Figure .,- 3. however, represent
ideal y expanded t ehavior tor Mil > 1. For convergent nozzles operating
unuedexpanded, tie correla t ion may not be applicable.

RW th the exception of Von;lahn's method for ti, ", O ,llcf the above
corre at ion c n he put into the form

a1 j-tt. 2.

I' . ( a " (e/u > \ Hi d, t . )et

lh i! f orri i vol itahIe to the Re ichardt momentum spreading ralte, thr-oub.;h

ilt ion q .ik into aIccount the variances AImOnlg' the various experI-[-
I-q :hm ii '> the )1 owing equa tion for C, was derived:

:'. -- (]qq)
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where VR ue/uj, and cI and c2 are empirical constants, having tentative
values of c 1 = l and c2 = 0.5. The corresponding correlation of Lc, given by
equations (193) and (199), is also shown for the same data set in Figure
4-35. It can be seen that this correlation works quite well even for the
high Mach number data (Mj > 1.5), primarily because the effect of changing
Reynolds number is now accounted for.

The formulation for Cm presented in equation (199) is only a preliminary
guide; the presence of upstream turbulence, inner and outer boundary layers
on the nozzle walls, the presence of shock-cells in the initial expansion
region, all may have an effect on Cm which is not apparent from equation (199).
In practice, it has been found that Cm varies much less with VR and Mj than
would be anticipated from equation (199), based on flow measurements for
several nozzles tested in the experimental portion of the present program.
This is interpreted to be a characteristic of the particular facilities,
nozzle designs and operating conditions employed, and some judgment is
required in selecting a value of Cm for prediction purposes. Equation (199)
is a good initial estimate, but small adjustments may be necessary to account
for the aforementioned auxiliary effects.

From equation (183), the momentum transport coefficient Xm(x) can be
obtained Cm, and is as follows:

x
Am (x)= 2 (200)

For the heat transport equation, i.e., for f = puH, much less data exist from
which one can extract the empirical heat transport coefficient Xh(x) and/or
the enthalpy flux shear layer thickness bh(x). In general (see, e.g.,
Hinze(61 ), and Launder and Spalding(5 7), temperature profiles diffuse more
rapidly than velocity profiles in a free turbulent jet. Using some simpli-
fying assumptions, it can be shown that a relation exists between Cm and

the corresponding heat spreading rate Ch as a function of the turbulent
Prandtl number, for a round jet:

4 Cm l+Prt (201)

The details of the derivation of equation (201) ire given in Appendix B.
Sadn(57)

Launder and Spalding estimated that Prt z 0.7 for a round jet. This
would, with equation (201), imply that Ch z 1.1 Cm. In practice, this has
been found to yield satisfactory predictions for heated jets.
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4.5.5 Turbulent Structure Quantities

The general solutioniven jbiequation (184) permits a numerical evalu-
ation of the quantities Pu and puH. Fromthe generalized Reichardt hypothesis
given by equation (166), the quantities puv and puw can also be evaluated.

For the constant pressure mixing case Q - 0, equation (184) and equations
(166) yield the following solution forms:

1 f _R2 / ]j m e R/bm
[PuI (x,yz) - 7r - ( d(d0 (202)

0* 00O

(xyz) h d"d (203)

bh

0___ /b -=di (204)

2a m

m

where 2  (z-) 2 + (y-r) 2, as before. Subscripts j indicate evaluation at

li! the jet exit plane x'0. The turbulent shear stresses Ty and rz are given by- 2 /b-2

From equation (165), these can be expressed as follows:

Ty - Tu v - UV

S - 0 U W - ou1

, o7



Kendall(5 8) has attempted to derive a formulation for (Oiu ) by manipu-
lating the continuity equation (163) to solve for -V, assuming that
Pu - (pu)/u and u z/ (V-) . Because of the approximations involved, the
resulting expressions forTy are in practice less accurate than the simpler
approach of neglecting puv altogether. The simpler approach has been
adopted herein, so that Ty and Tz are approximated by

Ty Z  Puv Tz - Puw (206)

In addition to Ty and Tz, an analogous axial component of shear stress Tx
can be defined, as follows:

Substituting equation (202), the following expression for Tx is obtained:

f1 d__ f.. \P~joo R -R2
Tx =b dx by (,z)(- m dndC (207)

where dbm/dx = Cm and Xm = 1/2 bm dbm/dx, as before.

For comparison with experiment, the axial turbulence velocity u' is
required, since this is a turbulence parameter which is easily measured. A
stronger motivation for being able to predict u' is that it is a primary
ingredient in the computation of mixing noise. An expression was developed

which relates u' to Tx, Ty, and Tz as follows:

p (u')2  v~y2 + Tz2 + (10 Tx) 2  (208)
y

where the factor of 10 on Tx was determined from comparisons with experi-
mental measurements on simple round jets. On the axis of a simple round

jet, Ty and TZ vanish [see equations (204) and (205)], so that (u')2 is

determined entirely by Tx.

44.5.6 Base Pressure Effects
A qualitative estimate of the effects of reduced base pressure on the

Vmixing characteristics of multielement nozzles can be made by examining the
general solution for momentum transport in cylindrical coordinates given by
equation (185):
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x 2w 2

f M~r* wb ] 2 - vdvdadC
0 0 0(15

(185)

11 CO R2/b 2
+ f f(Ovca) e o vdvda

0 I0 ;;

where f = 0u- and Q = -ap/ax. The simple case where p = p(x) is first
considered. For this case, the first term in (185) can be integrated directly
with respect to v and a to give the following:

= -e im

f(x,r,*) (F/ax) dx + f(Ova) -R 2  dfff b2 vdvda

0 0 0 m

This expression can be rewritten in the form

1 m e-R2/b2

f(x,r,*) + f(x) -= f f [f(O,v,a) + (0)] e m vdvda
0 0

Thus, for the siMple case p is a function of x (axial distance) only, the

quantity (u + p)_represents the appropriate momentum transport parameter
rather than just pu . For a given distribution of (p + Pu), increasing
static pressure will decrease puZ and vice versa. The qualitative statement
can therefore be made that reduced base pressures at the nozzle exit plane
of a multielement nozzle will cause the plume momentum to decay more rapidly,

since the static pressure will increase in the downstream direction.

The more general case of radial, circumferential, and axial variations
in static pressure requires numerical evaluation of known, specified pressure
distributions. Although the formulations presented herein have included the
effects of static pressure variations, the numerical calculation procedure
and associated computer program have not been developed to include these
effects. This is a possible area for further development of the theoretical
prediction model.
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4.5.7 Computational Procedure

The flow field solution described in the preceding sections has been
reformulated for numerical computations in cylindrical coordinates. The
pressure gradient terms have been omitted in the present version. The
relevant equations in Cartesian coordinates are as follows:

Momentum Transport:

2 1 ff ( 2 u2 - 2b
Pu 2 - Peue -Pj u Pe Ju R/e dnd (209)

m

Heat Transport:

puH ;- ff (pj uj H.) e- R2 /bh dqd (210)

Shear Stresses:

2X (1l db~hf( R2 2 - R2/b2 rd 21

Ty m _~ __a~ (Pe u P u2)1 eRbr d1d d (21)

u 2x- eR2/b2

2 ~ ) m dldC (12)

where

= (y-n) 2 + (z- ) 2  (214)

(= u dh bh dbh (215)

m 2  dx d2d,
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bm=- Cm x, bh Ch x (216)

- 0.3333 Red0097 (217)
(1+cI VR) (l+c2 Mj)

ChC, 2 (218)
Ch  Cm  + Prt

and Red is the Reynolds number of the nozzle element (pj uj dj/Pj), Mj is
the element Mach number (uj/cj), Prt is the fluid turbulent Prandtl number
(Ii cp/k)j, and cl and c2 are empirical constants.

The above equations are first transformed to cylindrical coordinates to
facilitate numerical computations. A field point P(x, y, z) has correspond-
ing cylindrical coordinates P(x, r, 0). A point in the nozzle exit plane
Q(&, n, c) has corresponding cylindrical coordinates Q(&, v, a). The pro-
jection of the field point P onto the nozzle exit plane is separated from Q
by distance R, as shown in Figure 4-36. The shear stresses Tr and TO
are related to the Cartesian components Ty and Tz by the following
expressions:

Tr m Ty cos * + Tz sin )
(219)

T - Tz Cos * - Ty sin *

Utilizing the above expressions and the geometric relationships noted in
Figure 4-36, the following set of equations, in cylindrical coordinates, is
obtained:

Momentum Transport:

22 - 2 -R 2/b2
P- eU el t 2 2P"J - Pub)e vdvda (220)- pe - m ff u - ee(

Heat Transport:

1 2 2_ -_ f( uje-R2/b

puH - U H )e h vdvda (221)
1h "
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Shear Stresses:

Tx m( (pu2 P 2 e-R /b mdvdt (222)

R _R22

Tr j u - pu bm cos 4 e dR b (223)Sr 1Tb2 ee

m

l2

Cm f 2 2N R -R2/b
T - - u - e u e sin m i vdvda (224)z b2  juj - ee D

bm

where 0 is the angle between vectors r, and R, and is given by the relation:

R cos 0 = r - v cos (€-a) (225)

The integrations indicated in the above expressions, over the exit-plane
area, are carried out with r and 0 held constant. This integration can be
replaced by an equivalent integration with respect to the variables R and 0.
Thus the quantity vdvda in the above expressions is replaced by RdRdo.

Consider a nozzle of arbitrary planform shape as shown in Figure 4-37.
The flow properties are assumed to be uniform over the nozzle exit plane,
having values (pj, uj, Hi) inside the closed contour and (Pe, Ue, He)
outside the closed contour. The area integrations over the nozzle exit
plane possess non-zero contributions only within the nozzle contour boundary.
The integration with respect to R can be evaluated analytically in equations
(221) through (224), reducing these expressions to a contour integral around
the boundary, where 0 is the integration variable and R - R0 (0) defines the
contour shape. Integrating equations (221) through (224) with respect to Rover the interval 0 < R < Ro, the following expressions are obtained:

Momentum Transport:

S2 1 ( u2 2 u '/b d $ (226)
Pu Peus P uj - Pe Ue e d-
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Heat Transport:

puH = uj H) 1- e- R° /b h  dP (227)

Shear Stresses:

S2 [R R /b2  1
x 2 f 0jeUe) m2 0 e oR 0m dD (228)

27 22e

Lm

C £ 2 rI- R R0 -R/
21T- e e ~2 er e ]i (230)

In the above expressions, the integration Jr is taken around the closed

boundary. If there are several nozzle elements, as in the case of a multi-
tube nozzle, illustrated in Figure 4-38a, the integration is performed over
each of the boundary contours defining each element, summing the contribu-
tions of each element to arrive at the total contribution at a given field

* point P. If a given contour surrounds nozzle another contour, as in the
case of a coannular nozzle (Figure 4-38b), the outer contour integration is

jcarried out as before, with (pj, uj, Hi) set equal to (Pi, ui, Hi), respec-
tively, i.e., the exhaust plane conditions inside the inner contour. How-
ever, for the inner contour Integration, the values of (Pe, Ue, He) are
replaced by (po, uo, Ho); the idea is to compute the diffusion of momentum,
tour. The contributions of the inner and outer boundary contour integra-

tions are then summed as before, to give the total contribution at a given

field point P.
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Given a nozzle planform geometry and exit plane flow conditions, the

quantities (pu, puH, Tx, T r, and i ) can be computed at all field points P
of interest throughout the jet plume, utilizing equations (226) through
(230) in the above-described procedure. To evaluate the corresponding
variables (p, u, T) at each point, consider the definition of puH:

PUH = <Pu [Cp T - CpTe + u2/2]) (231)

where < ...... .> denotes a time average. From perfect gas relations,

puCpT pu; defining the variable j as

y- + 7 p u2  
(232)

equation (231) can then be approximated by the following:

puH z i u - Cp Te Pu

Multiplying through by u and making afurther assumption that u • u u,

the following quadratic equation for u, in terms of pu and pu is obtained:

u2 - (pUNl) u - Cp Te (pu) = 0 (233)

Where p is given by equation (232). Solving the above for u,

-/(,--.)2Cre (pu2) (234)
2i+ 2T +

Having computed u from equation (234), the remaining mean flow parameters
p and T are evaluated from the relations

P Pup P (235)
u2  pR

'A where R is the universal gas constant. The turbulence intensity u' is then
computed from a relation analogous to (208), as follows:

P (u,)2 = ]tr2 + + (10 TX)2  (236)

16

i; 167

' >1.. ..J,,



The factor of 10 (as mentioned previously) in the above expression was

derived from matching this equation to experimental data for a round nozzle

at low Mach number, along the jet centerline. To see this more clearly,

consider a round jet of radius a, and evaluate equations (228) through (230)

along the centerline r=0. Then Ro = a, a constant, and the integrations
result in the following:

2_2 a2/ 2

Cm c J (pj u-Pe) e m (237)

and Tr =T = 0. Substituting the above into equation (236) gives the
following expression for the turbulence intensity along the centerline of a
cold (p Z Pj z Pe) round jet:

(u') 2 = 10 C2 (u _ u2)
a2 -a2/b 

(

m -e m(238)

m

By virtue of the relation bm = Cmx, this expression duplicates quite well

the experimentally observed dependence of u' on axial distance along the
centerline.

A modification to this computational procedure has been developed for
nozzles with a centerbody or plug, as illustrated in Figure 4-39. The modi-
fication consists of a transformation and stretching of the radial coordinates

r and v, such that the centerbody or plug surface is transformed to a "needle"
lying along the x-axis. The stretching is incorporated to maintain constant
annulus area between the circles r = constant and v = constant, respectively.
The transformation and stretching, illustrated in Figure 4-39, essentially

forces the flow to follow the centerbody contour, with a vanishing normal
gradient in flow properties on the plug surface. No boundary layer develop-

ment is calculated on the centerbody surface, although an effective contour
which includes surface boundary layer displacement thickness can be input to

the calculation. Streamline curvature effects due to centerbody curvature
are not accounted for. The centerbody geometry can be defined by the radial
coordinate of the surface as a function of x, ro = ro(x). The nozzle contour

boundary integrations required in evaluating equations (226) through (230)
b contain R(?), which can be written in terms of r and vo through equation

(186),

2 2 2
R= r + v - 2rv cos(O - ao)

This can be rewritten in the form

2 r 2
R (r v + 2rv [1 - cos(O - a

0 0 0
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0

(a) Actual Centerbody Geometry

2i 2
Lr= r -r _(x)

0

O,A B

4 (b) Transformed Plane Geometry

Figure 4-39. Coordinate System Transformation for Nozzles
with a Plug/Centerbody.
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When a centerbody is present, r and vo are replaced by Ar and Av, defined as
follows:

Ar 2 2

r - r (x)

- r (0) (239)
AV -, r (o)

0 0

so that R2 = (Ar - Av)2 + 2 Ar AV [1 - cos(-a)].

Note that vo and ao are the cylindrical coordinates of the nozzle con-
tour which surrounds the centerbody. This transformation and stretching is
similar to the von Mises transformation for laminar boundary layers (see
Schlichting(6 8), p. 136), where the (x,r) - coordinates are transformed to
(x, i)-coordinates; i being the stream function defined by our = 3i/ar
and pvr =-3/ax.

For cases where nozzle elements are not coplanar, an additional modifi-
cation has been devised. This modification consists of replacing x by (X-xe),
where xe is the axial location of the exit plane of the particular nozzle
element for which the boundary contour integration is being evaluated. Each
nozzle element can have a different value of xe (a coplanar nozzle would have
all nozzle elements at the same Xe, e.g., xe = 0), as long as the mixing
zones of any one element do not impinge or "cross" the surface of any other
element in the nozzle array. Figure 4-40 illustrates the possible types of
non-coplanar nozzle configurations which can be analyzed, and also shows
configurations which will result in an erroneous answer.

4.5.8 Comparisons of Predictions with Experiment

Several comparisons have been made of the distributions of mean velocity
u and turbulence intensity u' in turbulent jets. The experimental measure-
ments were made on single round jets and twin round jets using a laser veloc-
imeter (LV). These measurements are reported in Section 5.7. The prediction
procedure described in the previous section was exercised and the results

*I were compared with the measured distributions. Details of the computation
procedure and associated FORTRAN computer program are given in Section 4.7
and in the supplementary volume of this report.

The first set of data/theory comparisons, for a 1.5-inch diameter con-
vergent round nozzle, is shown in Figures 4-41 through 4-45. Figure 4-41
shows predicted and measured centerline distributions of mean velocity 'a..
Two cases are shcwn: (1) TTj = 530* R, and (2) TTj = 11600 R. Both cases
have the same exit Mach number Mj z 0.98. Note that the hot jet decays more
rapidly than the cold jet, and this is predicted by the theory. Shown in
Figures 4-42 and 4-43 are radial distributions of mean velocity U and tur-

'a bulence intensity u', respectively, at several axial stations, for case (1),
the cold round jet. The corresponding radial distributions of u and u' for
case (2), the heated round jet, are shown in Figures 4-44 and 4-45, respec-
tively. In general, the mean velocity profile predictions compare well with
the experimental measurements. There is less satisfactory agreement for the
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turbulence velocity profiles (Figures 4-43 and 4-45), although the predicted
shapes and relative changes with axial distance appear to qualitatively
exhibit the experimental trends.

Several data/theory comparisons were made on a twin parallel round jet;
the configuration details and experimental measurements are described in
Section 5.7. Some of these comparisons are shown in Figures 4-46 through
4-52. The jet element centerline mean velocity decay comparisons are shown
in Figure 4-46 for a tube element spacing-to-diameter ratio of 1.33; exit

plan Mac numer i agan z 0.98, for (1) TT- = 53Q0 R (cold jet), and
(2) TT- = 11600 R (hot jet). Some sample mean velocity (TUT) profiles for the
(1) coid jet and (2) hot jet are shown in Figures 4-47 and 4-48, respectively.
The corresponding turbulence intensity (u') profiles are shown in Figures
4-49 and 4-50. Finally, some mean and turbulence velocity profiles are shown
in Figures 4-51 and 4-52, respectively, for a larger element spacing-to-
diameter ratio of 3.333.

In general, the results of the data/theory comparisons shown in Figures
4-46 through 4-52 for the twin round jet configurations indicate that the
diffusion and merging of the two jets is less rapid (with respect to axial
variations) than predicted by the theory, i.e., the coalescence of the two
jets into one is observed to occur further downstream than is predicted by
the theory. The diffusive effects are over-emphasized in the Reichardt
approach to turbulent flow modeling, a characteristic which had been rec-
ognized before.

Laser velocimeter measurements have also been carried out in Tasks 3 and
4 of this program, on several jet nozzle configurations. Comparisons of
theoretical predictions with these sets of data are covered in depth in the
Task 3 final report. However, it is appropriate to present some of these
results herein, as they illustrate some of the key features of the theory.
The first example, taken from Task 4 LV measurements, is for a conical
nozzle. Mean velocity profiles and turbulence velocity profiles are shown
in Figures 4-53 and 4-54, respectively. This example is shown because it
shows comparisons at many nore axial stations, and also represents data from
a different facility and measurement system. These comparisons show much
better agreement between theory and experiment than those shown in Figures
4-44 and 4-45. At least part of the improved agreement can be attributed to
better data quality.

The second example, taken from Task 3 experiments, is a plug nozzle,
i.e., a round nozzle with a tapered centerbody. Mean velocity profiles are
shown in Figures 4-55 and 4-56, respectively. These comparisons show good
agreement between theory and experiment, and lend confidence to the
transformation/stretching technique used to modify the Reichardt theory for
predicting jet flows with a centerbody.

'I The third example, selected from the Task 3 experiments, is a coplanar,
coannular nozzle with an outer-to-inner area ratio of 0.65. The outer-to-
inner velocity ratio at the nozzle exit plane is 2.0. Figure 4-57 shows mean
velocity profile comparisons, while Figure 4-58 shows turbulence velocity
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comparisons. There are two predictions shown in these figures. The solidline represents predictions made with the origin x = 0 located at the nozzle
exit plane, as is conventional practice. However, it may be noted from the
experimental measurements in Figure 4-57 that full expansion to isentropic
velocities does not occur until some distance downstream of the nozzle exit
plane. This is because the outer stream pressure ratio is considerably
higher than the choking value, causing external expansion downstream of the
nozzle exit plane. Since the outer stream static pressure is transmitted to
the inner stream, the inner stream pressure ratio is controlled by the outer
stream static pressure variation and does not reach full expansion pressure
ratio until the outer stream static pressure has reduced to the ambient
value. From the mean velocity profile measurements shown in Figure 4-57,
full expansion occurs at x = 0.85 Dc. A first approximation to modeling this
effect is to merely shift the origin of the calculation to xe = 0.85 Dc for
both inner and outer streams. This calculation is shown as the dashed line
in Figures 4-57 and 4-58. It can be seen that this modification gives much
better agreement with the measurements. This example was chosen to illus-
trate the possible consequence of supercritical pressure ratio jets and show'
how one can still utilize the present theory to model such flows.

The final data/theory comparison included in this section is shown in
Figure 4-59. Here the centerline distribution of turbulence velocity for a
conical subsonic jet as predicted by equation (236) is shown, along with the
jet centerline measurements from Figure 4-54. The general shape is predicted
quite well, lending confidence to the assumed model given by equation (236).

4.5.9 Concluding Remarks

The preceding sections have attempted to present a rather complete
treatment of modeling complex jet flows by an adaptation and extension of
Reichardt's method. The method is quite general in that it is capable of
analyzing momentum and heat transport (as well as species concentration, as
discussed by Alexander, et al.(5 9). The samples of data/theory comparisons
shown herein have demonstrated that it is a reasonably accurate procedure.

It is conceivable that a much more refined turbulence model could be
developed within the framework of Reichardt's method by employing the gen-
eralized transport equation approach of Launder and Spalding( 7). Transport
equations of the diffusion type for such turbulence properties as kinetic
energy, mixing length, Kolmogorov frequency, etc., could be developed and
incorporated into the general computational procedure, eliminating the need
for some of the assumptions and approximations made in Section 4.5.5. This
would be no easy task since the present state of the art in so-called two-
equation models of turbulence is only now beginning to show promise of pro-
viding meaningful results. The benefit, aside from having a hopefully more
accurate prediction of turbulence intensity, length-scale, characteristic
frequency, etc., would be the ability to account for upstream history. The
present method does not recognize the presence of turbulence generated up-
stream of the nozzle exit plane, and only predicts the turbulent stresses
generated at a point, ignoring the contributions convected from upstream
points in the flow.
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The effects of solid surfaces (plugs, centerbodies, shrouds, etc.) in
the jet plume can be more rigorously modeled if a finite-difference
(downstream-marching) technique is employed. This would also relieve some of
the restrictions on non-coplanar nozzle elements currently present in the
model computation procedure. An additional advantage to the finite-difference
solution method would be the capability for analyzing internal mixer nozzle
flows. The abandonment of the closed-form solution method, however, would
probably only be practical for axisymmetric nozzles; i.e., the fully three-
dimensional jet finite-difference computation could be too ambitious and
costly am undertaking for the benefits to be gained.
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4.6 SHOCK-CELL NOISE

4.6.1 Introduction

Shock-cell broad-band noise is a dominant contributor to the acoustic
far field of high velocity conical nozzle jets operating at highly super-

critical pressure ratios. A theoretical model of the shock-cell noise mechanism
has been proposed by Harper-Bourne and Fisher(6 9) and it is very successful
in predicting the characteristic features of conical nozzle jet noise for
supercritical pressure ratios, in the forward arc where jet mixing noise is
low relative to the shock-cell noise contribution.

Recognizing the importance of this noise mechanism for high velocity
jets, a study was undertaken to extend the basic principles developed for the
conical nozzle jet to noncircular nozzles, i.e., coannular, multilobe, multi-
tube, etc., applicable to mechanically suppressed exhaust systems. In
addition, the influence of aircraft motion on shock-cell noise was studied
and assessed. An extension to the Harper-Bourne/Fisher (HBF) model was
formulated to predict noncircular nozzle shock-cell noise, based on examinat-
ion of shock-cell noise characteristics of a wide variety of nozzle shapes.

The work summarized herein begins with a review of the conical nozzle
shock-cell noise mechanisms as proposed by HBF; the shock-cell noise scaling
principles arising from the theoretical model are te-ted using experimental
data obtained as part of this program. A semiempirical prediction method is
discussed which permits rapid computation of shock-cell noise spectra for
conical nozzles. Utilizing experimental measurements from a free-jet facility,
the effects of forward motion on shock-cell noise source alteration are
assessed. Following the work on conical nozzles, the experimentally-observed
characteristics of the shock-cell noise produced by noncircular nozzles are
examined aiid :orrelated. Based on these studies, an extension of HBF theory
to noncircular nozzles is formulated. Finally, a prediction procedure applicable
to mechanically suppressed exhaust systems in flight is proposed, and suggestions
for further work are made.

4.6.2 Review of a Theoretical Model for Conical Nozzles

The phvsical process by which shock-cell noise is generated, as proposed
by HBF, is described as follows. In a convergent nozzle operating at super-
critical pressure ratios, a pattern of regularly spaced shock formations

exists. These shock patterns divide the plume into cells, as shown schematically
in Figure 4-60. The spacing and strength of these shocks diminish in the
downstream di -ction due to the mixing of the jet plume with the ambient air.
The mixing process also produces turbulence in the form of statistically
regular eddies which convect downstream with the flow. As these eddies pass

S' through (or by) the shock fronts, they disturb the shocks, causing them to
emit acoustic waves. The acoustic waves from the various shock cells can
corstrucuively or destructively interfere, depending on the shock spacing,
the eddy convection velocity, and the life-time of a given eddy.
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As mentioned above, the primary physical mechanism for the production of
broad-band noise by the presence of shock cells in the jet plume is the
emission of acoustic waves by the shock fronts as they are "disturbed" by the
passage of turbulent eddies through and/or by them. The eddies, produced in
the mixing layers of the plume, are themselves unsteady fluctuating "blobs"
of vorticity, so that the emitted acoustic waves from the shocks have
characteristics which are related to the unsteadiness of the turbulent dis-
turbances, i.e., their characteristic frequency and amplitude. The strength
of the emitted wave must also be a function of the shock strength. The
process is similar to the linear "transfer function" model of Ribner(70),
where a vorticity wave of given amplitude and frequency is input to a shock,
and the output is a transmitted vorticity wave, an internally generated
entropy wave, and a pressure (acoustic) wave.

Each shock in the jet plume emits acoustic waves in a random or broad-
band fashion, related to the randomness of the disturbing turbulence. The
far-field time-average correlation of this emission, after summing the contribu-
tions from all the shocks, produces a spectrum made up of two basic components.
First, the sum of the mean-square pressure signals from each shock produces a
"group spectrum" which is rather broadband in character, similar to a jet
mixing noise spectrum. The second component, referred to as the "interference
spectrum", results from the selective reinforcement and cancellation which
occurs between emitted waves from neighboring shocks. The superposition of
these two components results in the rather "peaky" spectrum shape observed
for shock-cell noise. This is illustrated in Figure 4-61.

Harper-Bourne and Fisher(6 9 ) (HBF) proposed a model based on the assumption
that each shock cell is effectively a stationary (relative to the nozzle)

4 emitter of pressure waves of the form

P (t) A n()cos [w(t-xn/Uc)] (240)

where Pn(t) is the unsteady pressure at time t generated by the nth cell (or
source), as it is disturbed by a turbulent eddy passing through it (at a
convection speed Uc, oscillating at frequency w). Here xn denotes the axial
distance downstream from the nozzle exit of the nth cell, and An(w) denotes
the amplitude of the pressure wave. The pressure in the far field at a
distance ro from the nozzle exit plane and distance rn from the source is
then expressed as

A M()
Pn (r, , t) = n cos[w(t-xn/Uc-rn/a)] (241)

where ao is the ambient speed of sound. Note that xn/Uc is Just the time
taken for an eddy to travel from the nozzl lip to the nth cell, and rn/a o is
the time required for the generated pressure wave to reach the observer.
Also, 6i is the observer angle with respect to the upstream axis of the
nozzle, shown in Figure 4-62.
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By summing the contributions over all cells, squaring and forming a
time-average, the mean-square pressure level in the far field was shown by HBF
to have the form

(r ) = 2 An(w)Am(w)

0
n m

(242)

× cOs[(w/Uc)(xn-XM)(l+M c cos 0.)]

where Mc = Uc/ao. From equation (242) it can be inferred that the sound
level will have a maximum when

_ .(x -x )(l+Mc cos 6i) = 2n
Uc n m

and multiples thereof. This implies that the spectrum will peak at a frequency
fp given by

W U
f= c (243)
p 2 L(l+M cos Oi)

where L = xn - xm is the shock-cell spacing between two adjacent cells. The
peak frequency expression given by equation (243) agrees quite well with
experimental shock noise spectrum peaks, as demonstrated by HBF. For round
nozzles, it was found that the shock cell spacing (for the nth cell) was
related to nozzle diameter and pressure ratio as follows:

L = L - (n-l)ALn l 1
where L, = 1.31 ;D (244)

and AL = 0.06 L,
4I

The average spacing Lavg appropriate to estimating peak frequency in equation
(243) is given by

L 1.1 WD (245)
avg

1where = 1 (246)
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The nozzle diameter is D, and the ideally-expanded (Isentropic) Mach number

Mj i s given by

2 2 [P j\1- 1 1
M = IP -1 (247)

where y is the ratio of specific heats, PTJ is the nozzle stagnation pressure,
and Po is the ambient static pressure.

In order to completely define the spectrum, HBF employed cross-correlation
of fluctuations measured at various shock cell locations using Laser-Schlieren

techniques. These measurements, along with certain similarity assumptions,
defined the products An(w) Am(w) for all combinations of m and n, in terms of
a normalized "group source spectrum" and a normalized cross-correlation

"interference" spectrum. If we set n = m, equation (242) yields the simple
form

N

p Cr, 6 1 2 W r2 E A (w) (248)Po(o0 O'w 2r 2  n

0 n=l

This is the autocorrelation or group source spectrum which would result if

there were no constructive or destructive interference effects. We now

define
N

A() = j A2 (w) (249)

n=l

and Amn (w) = Am (w) An (w) (250)

The double summation over (m, n) can be replaced by a summation over (n,i),

where

i n-rn

The summation matrix is graphically illustrated in the sketch below:

n -.

1 2 3 4 5 6 7 8 9

3~ 8zz i
[! m 4 7" , ,., " '

I6
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Since i = 0 gives the Ao(w) = component, and since Am(w)An(w) = An(w)Am(w), and
since cos(-p) = cos(p), the summation in equation (242) can be written as
follows:

N-1 N-i

p (ro , ei., W) =- A(w) + 2 A (W) (251)
2r 2 L...E nm

0 i=l n=l

x cos (Xn-xm)(l+M cos 0i)l }

Now from Figure 4-60 and equations (244) it can be seen that

X L - -Ln-i

n =Ll [nEoJ
j=0 (252)

Xm= 1 [ L

3=0

J

From the relationship Ej = J(J+l) it can be shown that equation (252) yields

j=l

the following expression for x - x :

x xm = i Ll[l-- E(2n+i-l)] , c = AL/L I  (253)n 1m

Substituting equation (253) into (251) yields the following form for the far-

field sound pressure spectrum:

N-1 N=i

p2 p(ro, i, W) 2 A( ) + 2 E E Anm(W)
p r )=2rL.. Z..

2 0 i=l n=l (254)

X cos WiL1 (I+Mc cos 0,) (11 c [2n+i-l]]

Tho cross-correlation spectrum Anm(w) was assumed by HBF to be related to the

average Ao(w) per cell, i.e.,

1
A (w) = A (w) Ci(w) (255)
nm N 0 1

196 - -_I



where Ci(w) is the cross-correlation spectrum beteeen any two cells m and n,
dependent only on the difference i = n - m. From the Laser-Schlieren measure-
ments, HBF deduced that Ci(w) should possess the form

Ci(W) = C1(W), a = i2  (256)

and CI(w) is the correlation spectrum between any two adjacent cells (i = 1).
The functions Ao(w) and Cl(w) were determined empirically. The overall sound
pressure is given by

2(
p (r o, f) p (r o , 0., w) dw

0

By assuming that the interference terms in equation (254) contribute negligibly
to the integration, it is seen that [HBF( 6 9 )],

CO

p 2r 0 , Oi) = 2r2 J Ao() dw
0

0

It was found empirically by HBF that

OASPL = 158.5 + 10 log10 [(D/r) 2 4  (257)

where 6 = A :1. Hence

p2 Cr ) 4 Ao() dw
r 2r2

0 0 0

HBF assumed a form for A () as follows:

A 0 (w) = f(PTj/Po) Ho (L 1 /a0) (258)

where Sn is a Strouhal number defined by Sn = Ll/ao, and Ho(Sn) is a
"universal" spectrum shape function. Noting that dw = (ao/L I) dSn, and
combining the above two expressions, we find that

1
197



FS

2 4 a0  0D2 ao- F (PTj/Po) f H (S dSn

1o

Since the integral in the above is just a constant, it is found that

f(PTj/Po) - L1D
2 4 /a (259)

HBF further simplified equation (259) by substituting L1 from (244) to give
f - D35/ao, but this is only correct for a conical nozzle, whereas, equation
(259) is more general. It can further be shown that, by integrating equation
(254) over a bandwidth Aw, the one-third octave spectrum can be obtained as
follows:

bwuM A°(WM) N -1

P (r V i ) - 2r 2  +N

o i=l (260)

N=i cos(KM) sin(KbwM/2 )

E (KbwM/2)

n=l

where

iL 1j

K = U (I+M cos 6i) [1-I1-E. (2n+i-l)] (261)U c i 2n~-)21

c

and w. = one-third octave center frequency, and b is the percent bandwidth

b = Aw/wM = 0.23155.

From the HBF work, several important features of shock cell broad-band

noise were revealed, and these are as follows:

(1) The overall level (OASPL) is independent of jet temperature;

(2) The overall level (OASPL) is omnidirectional, i.e., independent of
observer angle ei;

(:(3) The overall level (OASPL) varies as the fourth power of the shock

strength parameter a [see equation (257)1.
(4) The spectrum peak noise frequency is a function of jet velocity and

shock spacing [see equation (243)].
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4.6.3 Review of SNECMA Empirical Correlation

An empirical correlation method for predicting shock cell noise of
conical nozzles is presented by SNECMA(7 . The method is based on an
empirical observation that the shock-cell noise component of the far-field
spectrum can be sufficiently represented by two straight lines, as illustrated
in Figure 4-63. According to SNECMA, the low-frequency side of the spectrum
has a slope of -20 dB per octave. In contrast, the high-frequency side of
the spectrum, a, was found to have a slope which varies with a and ei, and
with jet stagnation temperature, TTj.

In this empirical approach, the spectrum peak frequency is determined
from the HBF relation, equation (243). The peak level is then correlated as
a function of a, ei and TTj. This correlation exhibits characteristics
which differ from the HBF model in the following ways:

1. Shock-cell noise characteristics, both peak level and high-
frequency spectrum slope, depend on jet temperature. To be noted
is the fact that this correlation displays a significant temperature
dependence only in the rear quadrant (ei > 900), where separating
of mixing noise and shock-cell noise contributions from the total
noise is most difficult.

2. The overall noise level is not omni-directional, but the variation
is small.

3. The variation of overall level with a is not a simple power de-
pendence.

Upon examining the data base used for deriving the correlations presented
by SNECMA(71 ), it appears as though the case for a variable high-frequency
spectrum slope a as a function of a, ei, and TTj may be overstated. In fact,
a constant slope of a = 3 dB per octave appears to "fit" most of the data
quite well, and additionally agrees with the HBF model. Similarly, it is
felt that the data base for the peak level correlation was insufficient, both
in quantity and consistency in trends, to conclude that there was a significant

*dependence on jet temperature or angle.

4.6.4 Experimental Correlations of Shock-Cell Noise for Conical Nozzle

To verify the basic physical concepts of shock cell noise emission
proposed by Harper-Bourne and Fisher(69), a detailed study of experimental
results obtained by Clapper, et al.( 72 ) was undertaken to isolate the shock-
cell noise contributions and test the observed characteristics against the
HBF model. The acoustic results for a conical nozzle operating at turbojet
cycle conditions were first examined.

Scale-model test results for a 3.56-inch (9.04 cm) nozzle are summarized
in Figure 4-64. Shown are OASPL versus V./a o data at observer angles of
6 i = 30*, 90*, and 1500. Also shown are 4best-fit" lines representing Vj

8

scaling, as would be predicted by the classical Lighthill( 4 ) result for jet
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mixing noise. It can be s en from this figure that overall sound pressure
level (OASPL) obeys the Vj - rule quite well for Vj/a o < 1.6. Above
Vj/ao = 1.6, the OASPL falls below the Vj8 - rule for Di = 900 and 1500,
while at 8i = 30', the data first drops below the "Lighthill" line, then rises
above it for Vj/ao > 2.0. This is at first glance puzzling, since no
"violent" departure from the classical result is apparent, even though the
high velocity data correspond to supercritical pressure ratios where the
HBF( 69 ) theory would predict shock cell noise to be predominant. However,
since this data corresponds to variations in PTj and TTj simultaneously
(simulating a J85 engine operating line), jet temperature effects on mixing
noise are actually confusing the picture.

To clarify this point, the results in Figure 4-64 were normalized for
jet temperature effects via the density exponent method proposed by Cocking(73 )

as follows:

U

OASPL = OASPL - 10 logl[(Pis) J
where (262)

= 0.44 + 4.60 log10 (Vj/a 0 )

If the temperature effects are properly corrected for, this normalization
should yield an adherence to the V-8 -rule, provided only mixing noise is
contributing. These results are shown in Figure 4-65. It can be seen that
in fact the noise levels are now higher than the Vj8 -line at both Oi = 90*
and 30, for Vj/a o > 1.6 -2.0. A closer examination of supercritical pressure
ratio data (Mj > 1) at 6i = 30' was carried out, using the points shown in
Figure 4-64 pius additional test points taken where temperature TTj was held
fixed and PTj was varied. These results are shown in Figure 4-66, in both
uncorrected and normalized form [per equation (262)]. It can be seen from
this figure that the temperature normalization fails to collapse the data
onto a single line.

According to the HBF theory, the OASPL should be only a function of
the pressure ratio parameter , given by equation (246). The data of Figure

b 4-66 was replotted versus a to test this hypothesis. The data at 8i = 300
should be shock-cell noise dominated, since jet mixing noise is relatively
low at this angle. Figure 4-67 shows the normalized OASPL as a function of
6, while Figure 4-68 shows the unnormalized OASPL versus a. These figures
show that correcting for temperature effects when the noise is shock-cell
dominated is the wrong thing to do. Figure 4-68 demonstrates that OASPL
correlates quite well with a; equation (257) derived by HBF is also shown in
this figure, and the data for all temperatures collapse close to this line
which varies as a4. Deviation from this line occurs at low values of 8, as
expected, because the mixing noise begins to again dominate the spectrum as
the shock strength (as measured by 8) diminishes. To complete the picture,
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the corresponding data for 'i = 60' and 900 ire shown as a function of 6 in
Figures 4-69 and 4-70, respectively. These figures also show very good
correlatiot, with equation (257) for - .6. Thus, to summarize these results,
the shock-cell component of OASPL derived from the measurements of Clapper,
et ai.(72) substantiate the HBF model with respect to dependence on 64 and
insensitivity to temperature.

If shock-cell noise 1 indeed dependent on r and not a function of
temperature, then the sound pressure level (SPL) spectra for different values
of TTj but the same P (j/Iy sand ') should be the same. Experimental SPL
spectra at several values of Flj, all having r = 1.08, are shown in Figures
4-71 and 4-72 for 0 i = 300 and 600, respectively. It can be seen that, even
though jet velocity varied from 1900 to 2500 fps for these data points, the
spectra are virtually identical. Also shown on these figures is the spectrum
predicted by the HBF theory, equation (260), for %) = 1896 ft/sec. Calculations
at Vj = 2258 and 2486 ft/sec gave virtually the same results (See page 228
and Figure 4-98). The agreement between theory and experiment is seen to be
quite good.

As a final test of the HBF theory, the peak noise frequencies of the
experimental shock-cell-dominated test points were compared with equation
(243). Shown in Figure 4-73 are predicted and me.'sured peak frequencies as a
function of Oi for one test point. The agreement is excellent for 6i<1000;
beyond Oi = 1000, mixing noise dominates the spectrum and the shock-cell
noise peaks are too obscured to evaluate from the data. Additional comparisons
are shown in Figure 4-74 for a lower jet temperature, at two values of a (0.725
and 1.08). This comparison illustrates how the peak noise frequency is
predicted and observed to drop with increasing B. It should be pointed out
that the predicted peak noise frequency given by equation (243) is a narrow-
band frequency, whereas the experimental values are 1/3-octave values, so
that some error is associated with discerning the exact 1/3-octave band in
which the narrow-band peak is contained.

Based on the experimental data analysis presented above, it can be
concluded that the HBF theory is sufficient to explain all of the significant
characteristics of shock-cell noise emission from conical nozzle underexpanded
jets.

4.6.5 Experimental Assessment of Relative Velocity Effects on Conical
Nozzle Shock-Cell Noise

Having established confidence in the theory of Harper-Bourne and Fisher(
6 9)

for static conical nozzles, the effects of simulated flight external flow
were explored. The as measured test data of Clapper, et al.( 7 2) were utilized,
which consi;ted of the same jet operating points as those in Figures 4-68
through 4-70 taken with several values of free-stream velocity Vo, in a free-
jet wind tunnel facility. The OASPL data for the supercritical nozzle pres-
sure ratio conditions were plotted versus F for 0i = 30', 60, and 900, as

S shown in Figures 4-75 through 4-77, respectively. The average of the static
(Vo = 0) data from Figures 4-68 through 4-70 is also shown for comparison.
These comparisons indicate that the basic shock cell noise source strength
is unaltered by the presence of external flow.
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Comparisons of SPL spectra at ( = 1.08 are shown for 0i = 300 and 600 in
Figures 4-78 and 4-79, respectively. It can be seen that the spectrum is not
appreciably affected by the external flow velocity. It can be speculated
that the peak frequency fp should shift as external flow velocity is in-
creased; e.g.,

f U 0.7 (V.+V)p c o

For the test conditions shown in Figures 4-78 and 4-79, however, the change

in peak frequency would only be about 10%, not large enough to detect with
any certainty from 1/3-octave spectra.

Additional (but limited in scope) data on a 2.0-inch (5.08 cm) diameter
conical nozzle was obtained by Clapper, et al.(72), and the data are sum-
marized in Figure 4-80. These data, although containing a little more
scatter, essentially substantiate the trends and conclusions derived from
the 3.56-inch (9.04 cm) diameter nozzle data discussed above.

4.6.6 Experimental Evaluation of Noncircular Nozzle Shock-Cell Noise
Characteristics

In the experimental program conducted by Clapper, et al. an eight-lobe
daisy nozzle also was tested over the same range of operating conditions
as the conical nozzles discussed in the previous section. The supercritical
data (M. > 1) for Vo = 0 are shown in Figure 4-81 as OASPL versus B, for
several jet temperatures. It is seen that the (4 dependency is again
observed, but that the levels are approximately 4 dB lower than that predicted
by equation (257) for an equivalent area conical nozzle. The noise is seen
to be independent of jet temperature, as is for the conical nozzle. Correspond-
ing SPI. spectra at Ni = 30' and 600 are shown in Figure 4-82 for several jet
temperatures. It can be seen that the high-frequency portion of the spectra
(f > 4KHz) cxhibit the characteristics of shock cell noise observed for
conical nozzles; viz., invariance with jet temperature at constant value of

Based on the operat ini condit ions of the data shown in Figure 4-82, the
peak-noise frequen. ies predicted by equation (243), utilizing equation (245) to

I estimate shock spacing L, are tabulated below, for the following assumptions:

(1) D) = 1) quivalent total area diameter 4A.//
A 4Aj

(2) 1 = D1 , hydraulic diameter --- , Pw = wetted perimeter of nozzle
W
ww

(3) 1 = 1 , equivalent lobe area diameter 4A /
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Predicted Peak-Noise Frequencies (Hz)

8-Lobe Daisy Nozzle

(Figure 4-82)

=1.08 M J = 1.47 P Tj/P = 3.48

0i = 306 0i = 600

Symb. TTj Deq Dh Deq,n Deq Dh Deq,n

o3 1000 1681 6202 4753 2138 7891 6047

0 1400 1812 6687 5142 2360 8710 6675

O 1700 1895 6994 5360 2502 9234 7077

The predicted peak-noise frequencies for TTj = 14000 R are indicated by
arrows on Figure 4-82. It can be seen that the predictions for f. based on D
= Dh agree best with the observed peak noise location, although D = Deq, n
also gives close (within one 1/3-octave band) agreement. The predictions
indicated in Figure 4-82 have been adjusted from those values listed in the
above table to nearest 1/3-octave band center frequency. The 4 dB lower
levels relative to a conical nozzle shown in Figure 4-81 do not, however,
scale with either hydraulic diameter or lobe equivalent diameter. From
equation (257), the OASPL should scale as 20 loglO (D/Deq) relative to a
conical nozzle, where D is the "effective" shock-cell diameter for the non-
circular nozzle. The eight-lobe nozzle has characteristic dimensions
Deq = 3.91 inches, Dh = 1.06 inches, and Deq,n = 1.38 inches. For D = Deq,n,

the reduction relative to a conical nozzle would then be 9.0 dB, while for
D = Dh, it would be 11.3 dB. Both of these reductions are much larger than
the 4 dB reduction observed, and it is therefore not correct to predict non-
circular nozzle shock-cell noise levels by merely using element-related
dimensions Deq,n or Dh in the conical nozzle prediction equations.

Clapper, et al.( 72 ) have also run the scale-model, eight-lobe nozzle
with external flow in the free-jet wind tunnel facility. The as measured
supercritical pressure ratio data with various external flow velocities Vo
are shown in Figure 4-83, at "i = 50'. The average of the static data (Vo =

0) from Figure 4-81 is also shown as a solid line. It is observed that the
OASPL levels for Vo 0 are all lower than the static line Vo = 0, by about
2 - 3 dB with no obvious dependency on the level of Vo itself. This is, at
first glance, puzzling, because the conical nozzle data indicated no signifi-
cant dependence of shock-cell noise on Vo, and these (eight-lobe) results sug-
gest a significant reduction with the presence of Vo, but no trends with the
level of Vo. To further study this anomalous behavior, spectra were compared
at selected conditions where shock-cell noise was thought to be significant,
Figures 4-84 and 4-85. From these spectral comparisons, several observations
can be made. First, the actual peak SPL level changes are relatively small
with changes in Vo; in fact, Figure 4-85, which shows spectra at the lowest
jet temperatur and highest external flow velocity, indicates only 1 - 2 dB
reduction in peak SPL due to Vo (=300 fps). The mixing noise is expected to
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be lowered appreciably with the addition of external flow, and it is seen
that the low-frequency noise (f< 2000 Hz.) does drop appreciably, on the
order of 5 dB. The second observation is that the slope of the high-
frequency end of the spectrum becomes progressively steeper a~s V0 is increased.*

The noise of a 6:1 aspect ratio rectangular jet was investigated experi-
mentally by Kantola and is reported in Section 5.2. A baseline 1.5-inch
diameter conical nozzle was also tested in the same facility, at the same
operating conditions, to provide reference data for comparison purposes (see
Section 5.1). Figure 4-86 shows the baseline conical nozzle SPL spectra at
6i = 600 for several jet temperatures at approximately the same jet Mach
number (0 Z 0.80). The spectral collapse at high frequencies (no temperature
effect) is again observed; it is noted, however, that the peak SPL and OASPL
are about 1 to 2 dB higher than would be predicted by the HBF(69) model.
The corresponding spectra for a 6:1 aspect ratio nozzle with the same nozzle
area are shown in Figures 4-87 and 4-88. The spectra are shown as measured
at several azimuthal angles 4', to assess the effects of asymmetry.

Comparing Figures 4-86 and 4-88, it is seen that, at approximately the
same value of 8, the rectangular nozzle peak SPL is about 2 dB lower than
that of the conical nozzle. The peak-noise frequency appears to be about I
to 2 1/3-octave bands higher for the rectangular nozzle. Figure 4-87,
for 8= 0.726, indicates a small change, 2 - 3 dB, with azimuthal angle, the
"1noisy plane" being 4' = 0*. At the peak-noise frequency, however, the change
is appreciably larger, on the order of 5 dB. Figure 4-88 shows spectra for

8=0.78, and no appreciable change with 4' is indicated for this case.

From experimental observations utilizing Schlieren photographs, Kurn(74)
deduced that the shock cell geometry of rectangular nozzles scales with
nozzle hydraulic diameter. Again utilizing equations (243) and (245) to
predict the peak-noise frequency, it is found that the spectra in Figure 4-88
should peak at 8000 Hz for D = Deq and 13,500 Hz for D = Dh. It is seen that
the actual peak occurs midway between these two predictions, leaving the
identification of the "correct" scaling dimension inconclusive for this case.
It may be noted that the assumption that Uc -0.7 Vj applied also for rect-
angular nozzles may be in error, contributing to the discrepancy between
observed and predicted peak-noise frequency.

4.6.7 Experimental Evaluation of Annular Plug Nozzle Shock Cell Noise
Characteristics

Current technology nozzles envisioned for high jet velocity applications
(e.g., supersonic transport propulsion systems) contain a centerbody or plug14 to provide high supersonic cruise performance. The annular jet formed between
the nozzle shroud and plug may produce significantly different shock cell

*These observations can be partially explained by consideration of the free-jet
shear layer turbulence absorption effects as discussed by Clapper, et al.;
correcting for shear layer absorption will tend to negate the relative velocity
effect.
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patterns than an equivalent - area conical nozzle when operating at under-

expanded pressure ratios. The presence of the plug or centerbody provides a

guided-expansion surface ior the supersonic expansion/compression process.

Additionally, the turbulent boundary layer on the plug surface may interact

with the impinging shocks, modifying their characteristics. It can therefore

be expected that the shock-cell noise characteristics of an annular plug
nozzle will be different from an equivalent-area conical nozzle. It is

important to assess these differences, because the basic annular plug nozzle

system is a much more relevant "baseline" configuration than a conical nozzle

when measuring the improvements to be gained with suppressor nozzles.

The far- field acoustic characteristics of three different annular plug

nozzles were measured (in Task 3 of the present program) to provide baseline

characteristics as a function of plug geometry. The three configurations

tested are shown in Figure 4-89. A composite of measured OASPL values at

forward-arc angles of 0i = 300 and 50' (where shock-cell noise is expected to
dominate) is shown in Figure 4-90, for all test points taken at supercritical

nozzle pressure ratios. The OASPL is plotted versus loglo, as was done in
the previous sections. It can be observed that the OASPL in the forward arc,

for the three annular plug nozzles tested, follows the 84 - dependency quite

well. These three nozzles all have different exit flow areas (the plug

geometries are all the same but the shroud diameters are different, see Figure
4-89), so a normalization nu;t be carri od out to diiscern the deviation from
conical nozzle behavior. Equation (257) yields the OASPL for a conical

nozzle; if we define the normalized shock cell noise OASPL as

Nsh = OASPL - 40 log 1 0 (i) - 20 log 1 0 (D eq/r o) (263)

we have N.h = 158.5 dB for the conical nozzle. The results in Figure 4-90
have been normalized per equation (263) and plotted versus L, in Figure

4-91. The normalized data should be insensitive to 8 if the proper normaliza-

tion has been applied, and it is seen from Figure 4-91, that this is indeed

the case. A line representing the conical nozzle value Nsh = 158.5 is also
shown for rele rence. The levels for all three plug nozzles are seen to be

below the conical line, by about 3 to 5 dB, and there is a consistent trend
with radius ratio, Nsh tending to be lower for higher radius ratios. The

arithmetic average values of Nsh at 0i = 30', 500 , and 700, as well as the

average for all three angles, is tabulated below.

I

Annular Plug Nozzle Average Values
of Normalized OASPL - Nsh

R /R 0. = 30' 0. = 500 0. 700 Avg. No. of Pointsp 5 1 1 1

0.853 152.9 153.8 153.9 153.6 9

0.789 154.8 155.1 155.5 155.1 14

0.590 154.9 155.4 155.8 155.4 4
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Spectrum comparisons were made at Of = 500, and these are shown in Figures

4-92 through 4-94. The test points chosen were those where shock-cell

noise was expected to be dominant, and where the points were common to at

least two of the three configurations. Figure 4-92 shows spectrum comparisons
for all three configurations at a pressure ratio of PTj/Po = 2.65. Figure

4-93 shows spectra at Oi = 50' for the two highest radius ratios tested, at a
pressure ratio of PTj/Po = 3.28. Finally, Figure 4-94 shows spectra for the
two highest radius ratios, at a pressure ratio of 3.55. The lowest radius

ratio nozzle (Rp/R s = 0.590) was not tested at the higher pressure ratios due
to the large mass flows required exceeding the facility capacity.

It is observed that these spectra do not possess the same shape as

exhibited by a conical nozzle. In particular, there appears to be a tendency

to form two peaks, their separation increasing with increasing radius ratio.

The spectra also appear to be much more "broadband" in character. Further
discussion cf the observed characteristics of annular plug nozzle shock-cell

noise is postponed to Section 4.6.9, where extensions of the basic HBF theory

are proposed for explaining these characteristics.

4.6.8 Model Parametric Studies

In Section 4.6.2, the theoretical hypothesis of HBF ( 6 9 ) for the mechanisms
of shock-cell noise was reviewed, and most all of the important features of

shock-cell noise (produced by conical nozzles) resulting from the theory were
verified in Section 4.6.4, through a critical examination of extensive parametric
data. In Sections 4.6.5 - 4.6.7, an experimental assessment of the shock-

cell noise of noncircular nozzles was attempted, with the emphasis being

placed upon how the shock-cell noise characteristics departed from conical
nozzle behavior. It was found that, in geieral, noncircular nozzle shock-
cell noise OAS11L does scale with 4 for a given nozzle geometry, independent

of the jet temperature. The absolute levels and spectrum shapes were, however,

found to be different than that for an equivalent-area conical nozzle. In

this section, a criticai examination is made of the HBF model itself, to see
if it contains any or all of the basic physical parameters required to predict
noncircular nozzle shock noise behavior. By systematically varying the key

physical parameters in the nodel, their effects on spectrum shape and level

can be assessed, and these effects can be related to the experimentally-
)observed departures from conical-nozzle behavior exhibited by noncircular

nozzles.

The Harper-Bourne/Fisher ( 6 9 ) model formulation, reviewed in Section

4.6.2, identifies several key parameters which characterize the shock-cell

A noise emission. These parameters can be categorized as follows:

I. General Operating Conditions:

(I) Shock strength parameter

(2) Convection velocity U
, C

(3) Observation point location Oi, ro
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2. Shock cell geometry:

(4) Number of shock cells N

(5) Shock spacing parameters L i, Lavg, C

3. Turbulence/Shock Correlation Spectra:

(6) Group source spectrum H (S )0 nl

(7) Cross-correlation spectrum CI(S )

The first parameter investigated was the number of shock cells N.
Predictions were made for a typical operating condition of PTj/Po = 3.29 and
Vj = 2370 fps (722 m/s). The jet diameter and observer radius was selected
to be 3.73 inches (9.5 cm) and 40 feet (12.2 m), respectively. The predictions
[utilizing equation (260)] were made for N = 2, 4, 6, and 8, and are shown
in Figure 4-95. It is observed from these spectral predictions that the
number of shock cells N has no influence on the high and low ends of the
spectrum. In the region around the peak frequency, the effect of increasing
N is to give a smoother spectrum. For small values of N, the spectrum
exhibits a more oscillatory "sawtooth" behavior, but the basic shape remains
unaltered. This uncovers one problem with the correlation function Ho(Sn);
namely, it is based on conical nozzle levels for 8 shock cells. If there are
more or less than 8 cells, the level of Ho(Sn) should be adjusted by the
factor (N/8). This correction was incorporated into the model and the calcula-
tions of Figure 4-95 were repeated. The results are shown in Figure 4-96.
From this excerise, it is seen that reducing the number of shock cells will,
according to the HBF theory, reduce the shock noise level without any
appreciable alteration of the basic spectrum shape.

The second parameter studied was the shock spacing parameter c = AL/Ll,
which governs the rate where successive shocks come closer and closer together
[see equation (244)]. For conical nozzles, HBF( 69 ) found that E = 0.06.
Parametric computations were made for -0.06 < c < + 0.12, and these results
are shown in Figure 4-97. The case where E = 0 corresponds to equal shock
cell spacing. For c < 0, the spacing increases with downstream distance,
while for c > 0, the spacing decreases with downstream distance. The effect
of increasing _ is to smooth out the jump in the spectrum near f = fp, and
simultaneously lower the peak SPL. For c = 0, the spectrum becomes unchar-
acteristically oscillatory; evidently the actual unequal shock spacings
mitigate the reinforcements and cancellations which occur at the higher
harmoniCs of f Itc is noted that e = -0.06 again smooths out the spectrum
but lowers the peak-noise frequency. The major effect of increasing C is
that of reducing the steepness of the spectrum slope below the peak-noise
frequency. Some of the noncircular nozzle data reviewed in previous sections
tend to exhibit this trend, and, therefore, one characteristic of noncircular
geometries may be that the shock spacings decrease more rapidly with down-
stream distance compared to a conical nozzle. However, this effect could
also he the result of mixing noise level being higher relative to the shock
noise level than for the conical nozzle case.
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The third parameter studied was convection velocity Uc . It is known
that noncircular nozzles, especially suppressor tvpes which exhibit sub-
stantially faster plume mixing, exhibit lower convection speeds than
equivalent-area conical nozzles. To see what effect this might have on the
shock cell noise, tile ratio Uc/V was varied from 0.5 to 0.7. Tile computed
spectrum changes are shown in Figure 4-98. Over the range of Uc/Vj examined,
there seems to be very little effect of U(, on either spectrum shape or level.

It is possible to vary the shapes of the "universal" spectrum functions
Ho(S ) and C1(Sn) and study their infiuence. However, it can be intuitively
recognized, without numerical computations, that making the group source
spectrum Ho(Sn) broader or narrower than the empirically determined shape
will just make the corresponding SPL spectrum broader or narrower, respectively.
Also, there is no obvious way (which reflects physical insight or empirical
observation) to vary Cl(Sn) from its established shape, so no further parametric
studies of these variables were carried out.

4.6.9 Extension of Prediction Method to Noncircular Nozzles

It was demonstrated in the previous section (see Figure 4-95) that
the spectrum shape predicted by the HBF( 69 ) theory does not significantly
zhange if N = 2, relative to N = 8 shock cells. Consider, therefore, the
case of a two-shock system, N=2; in this case, equation (260) reduces to the
following:

2 b Ao (A ) cos (Kw M) sin (Kbw M/2) (264)
p (ro, Oi' WM)  2r2  (Kbw M/2)

oM

where

L1

K = (I+M cos 0.) (1-), N-2 (265)
c

for low f requen: i es, say Kw M< 5, the term

cos (KwM) sia (Kb IM/2)
,(K,/2) - cos (KwM )

k4

sinck, sin x/x - I for small x, and b/2 - 0.1.
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Conversely, for high frequencies, say KwMy-25, this same term approaches zero.
Both C,(Sn) and the factor [sin (KwMb/2)/(KwMb/2)) act as damping terms to
cos(KwM). At low frequencies, as cos(KwM) --l, the spectrum approaches the limit

2 bM Ao (wM)

p (r o , 0 i t wM 2r2  [I+CI ((M)]
0

Thus, at low frequencies, the spectrum asymptote is characterized by
Ao(w4)[I + CI(wkl)], while at high frequencies the spectrum asymptote is
characterized by AO(wM).

The total spectrum is characterized by the basic group source spectrum
Ao(wM), to which is added a damaped cosine term. The characteristic jump and
subsequent peak of the total spectrum occurs between the first negative
extremum and second positive extremum, respectively, of cos(KwM). Hence, the
jump occurs at KwM = 37/2, and the peak occurs at KWM = 2n. A good approxima-
tion to the interference term in equation (264) is given by

cl(M) cos (KWM) sin (KbwM/2) : k I e-k2 (K,) cos (KwM) (266)
M (KbTVw,. 2)

M/

As K -*0, this term approaches Cl(O) = 0.72. It was found that kI 
= 0.72,

k2 =0.002, and q = 2 gives a good fit to the left-hand side of the above
expression. Since this term in equation (264) contributes only damped "wiggles"
to the spectrum beyond the peak frequency, and since the effect of adding
more terms in the series (N = 3, 4, 5, etc.) is to fill in these wiggles
anyway, we can just cut off this term beyond the third zero of cos(KwM).

Figure 4-99 shows the HBF group source spectrum Ho(Sn ) and Cross-
correlation spectrum Ci(Sn) as determined from computational studies using
measured far-field spectra. It is seen that Ho(Sn) has a shape typical of
broadband jet mixing noise, probably characteristic of that portion of the
mixing noise produced in the supersonic region close to the jet nozzle. The
cross-correlation spectrum CI(S n ) is constant at low frequencies and falls
off to zero at high frequencies, so that the interference terms become less
important at high frequencies.

The interference spectrum was computed for the example case shown in
fiigure 4-95, using the approximation given by the left-hand side of equation
(266). The computed spectrum is shown in Figure 4-100 with and without the
cross-correlation factor CI(Sn). It is seen that the effect of CI(S,1 )
is to damp out the high frequency wiggles, as well as to reduce the peak and

k4 valley amplitude, at low frequencies. The addition of the interference
spectrum (with the factor Cl) to the group spectrum is shown in Figure 4-101.
The curve labeled SPL o denotes the sound pressure spectrum produced by the
group source spectrum alone; the curve label.ed SPL I denotes the SPL spectrum
produced by summing the SPL o spectrum and the interference spectrum. This
simple example for a two-shock system shows how the observed shock-cell noise
spectrum shape evolves from the summation of the group (broadband) and
interference (reinforcement and cancellation) spectra.
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The above example exercise serves as a guide to generalizing the HBF
theory to noncircular nozzles. The following modifications to the basic
HBF model are proposed to allow the prediction of noncircular nozzle shock-
cell noise:

1. Shock-cell spacing should be maintained as a parameter independent of
equivalent diameter, so that the shock cell spacing characteristic of
noncircular nozzles can be accounted for. By assuming that L1 (position
of first shock) is proportional to hydraulic diameter, as suggested by
the experimental evidence of Kurn(74), the peak noise frequency is
predicted quite well for the eight-lobe nozzle, as shown in Figure 4-82,
see Section 4.6.6. For nozzles with solid bounderies guiding the
external expansion process, however, hydraulic diameter may not be the
correct scaling length, and shock spacing should therefore be evaluated
from flow field measurements (e.g., laser velocimeter, Schlieren photo-
graphy) and/or computations (e.g., method-of-characteristics, finite-
difference methods). This becomes important for plug nozzles.

2. The HBF model correlates the group source spectrum level (and hence
OASPL) with diameter-to-distance ratio (D/Ro)2 . It is suggested that
the dependence on D2 is in reality a dependence on shock-front through-
flow area, which may be quite different from total exit area for non-
circular nozzles. This may provide an explanation for the lower apparent
shock-cell noise OASPL for lobe nozzles (Figure 4-81), and annular plug
nozzles (Figure 4-91).

3. The HBF model correlates group source spectrum level (and hence OASPL)
with shock strength parameter S4. It is suggested that the correlation
dependency on 04 is strictly correct only for normal shocks. Although a
a4 -dependency for a given nozzle type may be observed, a geometry which
has significantly different shock pattern obliquity may not yield the
same correlation level. For example, the static pressure ratio across a
two-dimensional oblique shock is given by

P 27(M sin $)2 y-l
p 1 y+l 1 y+l

}1

where M I is the upstream Mach number and is the oblique angle the
shock front makes with the upstream flow direction. In terms of pressure
rise across the shock, the expression can be rewritten as

AP P12-e 1 2 ,2
P P y+l

where

a. 2 (M1 in 0)2 1
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For = 900, i.e., the normal shock case, " reduces to the HBF parameter

B. If the value of $ were known for a particular geometry, a more
"universal" correlation might be achieved on the basis of B*4 rather
than B4 . Again, this requires additional experimental and/or analytical
information on the shock structure.

4. Extrapolation of the static prediction of shock-cell noise to in-flight
conditions can probably be done by simply applying the dynamic correction
factor (1 - Ma cos 6i)-4, as suggested by the experimental results
reported by Drevet, et al.( 75). This is consistent with the notion that

the shock cells are fixed relative to the nozzle. The influence of
relative velocity itself is small, as shown by the free-jet results in
Figures 4-75 through 4-80 and Figures 4-83 through 4-85. The small
changes observed are most likely due to changes in shock spacing, which
again requires experimental and/or analytical evaluation.

5. The number of shock cells may be different for noncircular nozzles. The
HBF value of N = 8 is implicit in the group source spectrum shown in
Figure 4-99. For N 0 8, the group source spectrum levels should there-
fore be corrected by a factor N/8.

The above proposed extensions to the basic HBF shock noise theory for
predicting noncircular nozzle noise (in flight) all require additional
knowledge of the shock structure characteristics for the particular nozzle
being considered. In many cases, e.g., multitube and multichute nozzles, the
relevant shock atructure parameters such as N, Ll, E, etc., are not presently
known. For certain cases, however, the changes in these parameters relative
to a conical nozzle can be obtained, and this information can be utilized to
test the hypothesis that, if the correct shock-cell structure is incorporated
into the model, the HBF theory will provide a reasonable prediction of the
shock-cell noise.

For the case of simple rectangular nozzle, Kurn(7 4 ) has shown that the
shock-cell structure scales with hydraulic diameter. Predictions were made
of the shock cell noise for the 6:1 aspect ratio nozzle shown in Figure 4-88.
The group source spectrum was assumed to scale on equivalent diameter for
both level and frequency, while the interference spectrum was assumed to
scale with hydraulic diameter. By combining equations (258) and (260), the
following expression for the prediction of the mean-square sound pressure
level is otained:

7W b L 2
2bMI1D 4 Sn1+

P (ro, 9i, wM )  a 2a 2 4 Ho (S n i+
0 r (267)

2N-I N cos(Kl M ) sin (KbwM/2) 1
N Y Ci (S n (Kbw /2)

=n=l M

2,14



where

K = 1 (1+M cos. [1 c (2n+i-)] (268)
U c i 2Cc

and

Ci(S)= CS) =2 (269)

It is assumed that D = D and that
eq

Lavg = 1.1D eq; LI = 1.31$Dh  (270)

The Strouhal number S then becomes
n

S j. 1.av IIDew_

S = Mavg eq M (271)n a a
0 0

Defining the parameter G(Sn ) as

G(S) =N b wMaV H (Sn) (272)
n) 82 a o n

0

equation (267) then becomes

2
D D

P Cr2 4 O G(S n ) 1+
(o' i' M) De 2

eq r L (273)

N-i N-i

+ N cos(KwM) sin (KbwM/
2)]

N i C(n) (KbwM/2 )~n=l

Note that the 1/3-octave group source spectrum G(Sn ) is identical to the SAE
version of the HBF narrow-band spectrum Ho(Sn), except for the additional
factor of N/8 which was proposed and discussed in previous paragraphs herein.

Utilizing equations (268) and (273), the shock cell noise of the afor-
mentioned 6:1 aspect ratio nozzle was predicted and compared with experimental
measurements. The comparison is shown in Figure 4-102, and the agreement
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between prediction and expetiment is seen to be quite good. Note that when
the hydraulic diameter is substantially smaller than the equivalent diameter
(in this case, Dh/Deq = 0.620), the interference spectrum is shifted to

higher frequencies relative to the group source spectrum, resulting in a
change in spectrum shape relative to that of an equivalent conical nozzle.
For thi:i prediction, eight shock cells (N = 8) were assumed, for lack of any

evidence to the contrary. The factor Dh/Deq in equation (273) reduces the
shock noise level by about 2.0 dB relative to the equivalent-area conical
nozzle, and this agrees with the observed 2.5 dB reduction, discussed in Section

4.6.6.

Equation (273) was also used to predict the measured spectra shown in

Figure 4-82 for the eight-lobe daisy nozzle. A comparison of the predicted
and measured spectra are shown in Figure 4-103. Similarly, the measured

annular nozzle spectra shown in Figure 4-92 were also predicted using equation
(273), and the comparisons are shown in Figure 4-104. These comparisons show

reasonable agreement between prediction and experiment. In viewing these
results, it should be kept in mind that the predictions represent only the

shock-cell component of the total noise spectrum, whereas the data represents

the sum of both shock-cell noise and jet mixing noise (plus any other excess
noise mechanisms which may be present). Also, the predicted spectra were
computed assuming the conical nozzle values of N = 8 and c = 0.06; these may
well not be the correct values for the eight-lobe and annular plug nozzles,

but no experimental or analytical information was available to provide better
values. Although not shown herein, it was found that the annular plug nozzle
predicted spectrum shapes could be improved by using c = 0.12 instead of

E = 0.06, based on numerical experiments. This may be related to the presence
of the plug external expansion surface increasing the rate at which succes-

sive shoc! cell spacings decrease. Further flow field shock structure measure-

ments are needed to verify this supposition.

The factor Dh/Deq in equation (273) represents one effect of noncircular

geometry on the shoc',-cell noise level. The reduction in shock cell aoise
relative to a conical nozzle due to this factor is shown in Figure 4-105. Also

shown are the measured OASPL reductions relative to a conical nozzle for the
various noncircular nozzles investigated herein. The range of Dh/Deq covered
by the data is rather limited, but the agreement between predicted and

measured reductions is reasonably good.

4.6.10 Concluding Remarks

A detailed review of the Harper-Bourne/Fisher (6 9 ) theory for the broad-

band shock-cell noise of underexpanded supersonic jets has been carried out.

The theory has been verified in all its important aspects for conical nozzles
through a detailed examination of parametric acoustic data and comparisons

with the theoretical predictions. Based on analysis of free-jet data, it was
found that external flow relative velocity effects on the shock-cell noise
characteristics are small. Examination of noncircular (e.g., rectangular, (69)
eight-lobe daisy, and annular plug) nozzle acoustic data showed that the HBF

theory dependencies on shock-strength parameter e and insensitivity to jet
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temperature applied to noncircular nozzles as well. However, noise levels
relative to a conical nozzle are significantly lower, and this reduction
depends on nozzle shape. The shock-cell noise spectrum shape also differs
from that of a conical nozzle, and the difference also depends on nozzle
shape. For the eight-lobe nozzle, a small dependency of shock-cell noise on
relative velocity was observed.

Modifications to the basic HBF theory were identified for predicting
noncircular nozzle shock-cell noise behavior. The assumption was made that
the basic physical mechanisms contained in the HBF model are correct, and
that inclusion of the correct shock structure parameters for the particular
nozzle being considered would provide a correct prediction. This approach
points to the need for further work on experimentally (and theoretically)
defining the shock-cell behavior of noncircular nozzles, since little or no
information on these important ingredients is available at the present time.
Preliminary data/theory comparisons for simple rectangular and annular plug
nozzles using a modification of the HBF theory to account for nozzle shape
effects gave encouraging results, lending credence to the methodology adopted
herein.

On a more fundamental basis, the "universal" group source spectrum and
cross-correlation coefficient spectrum functions developed by HBF were
assumed to be applicable to any nozzle type. These functions relate the
input turbulence disturbance characteristics to the output acoustic emission
characteristics of a given shock front. For noncircular nozzles, the input
turbulence characteristics may well be different than that for a conical
nozzle, and a comprehensive study of this element of the theory may be required
to properly model the noncircular nozzle shock-cell noise behavior. A link
with the turbulent mixing noise spectrum produced by the supersonic portion
of the jet may be possible.

A final point to consider is that the available evidence suggests that
shock-cell noise is not appreciably altered by the presence of external flow
or relative velocity. In-flight, dynamic (doppler) effects tend to raise the
noise levels in the forward quadrant where shock-cell noise is most important.
The resulting directivity pattern or field shape (considering both shock-cell
noise and turbulent mixing noise) becomes much flatter in flight. Considering
that shock-cell noise has a higher peak frequency than mixing noise, the
resulting perceived noise level corrected for flight duration effects (EPNL)
may well be controlled by the shock-cell noise component in flight. It
therefore becomes very important to be able to properly account for shock-
cell noise in flight when evaluating potential noise abatement nozzles for
high jet velocity propulsion systems.

0
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4.7 UNIFIED AEROACOUSTIC MODEL FOR JET NOISE PREDICTION

4.7.1 Introduction

Many suppressor nozzles have been designed in the past utilizing intui-
tive notions of how to suppress jet noise which have demonstrated substantial
noise reduction. Often, the noise reduction has been obtained at the expense
of considerable thru'st loss and increased engine weight, in addition to higher
manufacturing cost and complexity. Seemingly minor changes to these suppres-
sor nozzle designs, made for the purpose of improving thrust performance,
often resulted in substantial loss of noise suppression. It is therefore
desirable to have a quantitative prediction techrnique available for estimat-
ing the aerodynamic and acoustic characteristics of suppressor-type nozzle
configurations. With such a technique, design and optimization studies can
be conducted prior to construction and testing, thus minimizing the time and
cost of development. A useful technique must be sensitive to the control-
able nozzle design variables, and should be based on a minimum of empiricism.
That empiricism which is necessary should be tied more or less to physical
(flow and acoustic propagation) characteristics rather than geometric param-
eters in order to be "universal" in a normalized (but perhaps restricted)
sense.

With the above objectives and guidelines in mind, a unified aerodynamic/
acoustic prediction technique described in th4s section was developed for
assessing the noise characteristics of suppr,_ssor nozzles. The technique
utilizes an extension of Reichardt's method (Section 4.5) to provide predic-
tions of the jet plume aerodynamic flow field (velocity, temperature, and
turbulence intensity distributions). The small-scale turbulent fluctuations
produced in the mixing regions of the jet are assumed to be the primary source
of noise generation, as in the classical theories of jet noise. The altera-
tion of the generated noise by the jet plume itself as it propagates through
the jet to the far-field observer (sound/flow interaction or fluid shielding)
is modeled utilizing the high-frequency shielding theory described in Sec-
tion 4.3.

These basic modeling elements (flow field prediction, turbulent mixing
noise generation, and sound/flow interaction) have been coupled together in a
discrete volume-element formulation. The jet plume is divided into elemental
Volumes, each roughly the size of a representative turbulence correlation
volume appropriate to that particular location in the plume. Each volume
element is assigned its own characteristic frequency, spectrum, and acoustic
intensity. The sound/flow interaction effects for each volume element are

* evaluated from the flow environment of the element, and the resultant contri-
A bution to the far field is determined. The individual volume elements are

assumed to be uncorrelated with each other, so that the total contribution to
the far field is simply the sum Of the individual volume element contributions.

Previous work oa modeling of jet aeroacoustic characteristics has been
confined to simple round and coannular jets. One of the first attempts at
developing a comprehensive aerodynamic/acoustic Jet model was published by
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Lee, Kendall, et al. ( 7 6 ) and Crose and Fendall( 58 ). This approach utilized
an extension of Reichardt's method for predicting the jet flow properties for
round and lobe-type nozzles (this method is adopted herein). Only acoustic
power spectra are predicted, based on a "slice-of-jet" model wherein the
power per axial slice is computed and related to a certain frequency band by
means of empirical V-d or Iveid I reqinen'y vs. axial dIstance relat lonsllpti.
Succ,,;sItll predictions arc conl Ied to low Mach numbers. The volume-element
summation or "lump-of-jet" approach was first developed by Benzakein,
et al.( 78 ) for round and coannular jets. A finite-difference turbulent-
kinetic-energy model was developed to predict the jet flow field, while the
classical Lighthill(4 ) and Ffowcs-Williams(6 ) formulations were employed,
with suitable empirical modifications, to predict the noise from each volume
element. Extensions of the method of Benzakein, et al. to disting is be-
tween self-noise and shear-noise, proposed by Jones (79) and Ribner ( 39) were
developed by Knott(80 ) and Moon(8 I). Recently, Chen( 8 2) has applied Ken-
dall's( 58 ) method to predicting power spectra of coannular jets.

The above methods either ignore the sound/flow interaction effects, or
recognize only source convection in absence of a shrouding flow. This has
been shown to give incorrect simulation [see Mani ( 3 7' 3 8 ) ] for all but the
lowest jet velocities, especially when predicting sound pressure level
spectra at observer angles close to the jet axis. The aeroacoustic model
discussed in this section is directed toward predicting high velocity jet
noise [1500 - 3000 fps (457 - 914 m/s)], for arbitrary nozzle shapes, in-
cluding sound pressure level spectra at any observer location.

4.7.2 Out] ine of ,!ethod

A block diagram of the computation sequeL'nce for the jet noise prediction
to be described is shiown in Fi gu re -4-106. The jet plume is subdivided into
elemental volumes which ar, ippr0ximately tihe size of a typical turbulent cor-
relation volume or "eddy size". Figure 4-107 illustrates how a jet plume is
typicalllv subdivided into "eddy" volume el iements. The subdivisions are very
sinall close to thu nozzl e exit plani , where the turbulence length-scales are
small. The voluiime elomel ts a -e made p-ogress ve lv large in tile downstream
direct. ion, simulat , the I nPreas in. lonth-scale with downstream distance.

Figure 4-1N8 il lutrt es a jet plume exhausting from a nozzle of arbi-
trary shape. Utilizing the modified Reichardt theory described in Section
4.3, the mean velocity, temperature, density, and turbulent shear stress
distributions can be computed throughout the jet plume. The required inputs
are nozzle shape, nozzle exit plane total pressures and temperatures, and
ambient total and static pressures and tempera tures. The modified
R eichardt theory c'an provide the aerodyn;imic properties at onv arbitrary
point in tie plume ',ecause ol t1le closed-form solution formulation (the
cl ciii at ionl is ot al fin ite-(lilffertnce method whose grid points are estab-

l ished/dictated by the accuacy/stab il 1i ty requi roment s of the numerical
procedure). The flow properties aret lherefore, computed at the geometric
centers of tlest' eddy volIume elem'nts.
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The noise source spectrum ,enerated by each of tile volume elements is
estimated from the classical .ighthiill(4) expressions for noise produced by
free turbulence, assuming tlIIIt thC t 1r111 lence can be modeled as locally-iso-
tropic, convecting quadrupole sources of sound (as proposed by Ribner( 3 9 ) .
The turbulent structure parameters (intensity, length-scale, characteristic

frequency, spectrum) required for computing the generated noise are derived
from the calculated mean-flow distributions using previously established
empirical similarity relations, developed by Davies, et a..(16, 83).

The effect of convection and fluid shielding on the emitted sound of

each volume element is computed. The flow properties (mean velocity pro-

files and temperature profiles) in the vicinity of the element determine the

amount of flow shrouding or fluid shielding seen by that element.

From the generated noise spectrum and the predicted modifications due

to convection and fluid shielding, the net emitted noise level at each observ-
er angle and 1/3-octave band frequencv of interest is calculated. ThL contri-
butions from each volume element in the jet are summed on a mean-square pres-

sure basis, assuming that individual volume elements are uncorrelated with each
other. Tbhis provides the total sound pressure predicted 1/3-octave band
spectrum observed in the far field.

In addition to the calculation of turbulent mixing noise, the shock-cell
broadband noise is also computed using a modification of the Harper-Bourne
and Fisher (6 9" method as described in Section 4.6. The mixing noise spectra
and the shock-cell noise spectra are summed on a mean-square pressure basis
to yield the total jet noise spectra, at each far-field observer angle.

Atmospheric attenuation corrections, using the method of Bass, et al. (84)

are made to the predicted spectraL to account for air attenuation at the
appropriate far-field distance. The overall sound pressure levels (OASPL),
perceived noise levels (PNL) and sound power spectrum (PWL) are also evaluated
from the far-field sound pressure spectra.

Each of the major CIements shown in Figure 4-106 are described below;
then a select number of data/theory comparisons are given, followed by a
discussion of applica tion of the model for identification of noise suppression
mechanisms. A brief summary of the model limitations and capabilities is
given, followed bv suggestions for further work on extending the model.

4.7.3 Aerodynamic Calculation
a

The jet plume flow field is computed using the extension of Reichardt's
method developed in Section 4.5. The method basically consists of predicting
tile diffusive transport of momentum flux and enthalpy flux from a specified
exit plane distribution to various axial stations along the plume. In addi-
tion, the various components of turbulent shear stress are also calculated,
being related to directional derivatives of the axial compoihent of momentum
flux. From these distributions, the mean axial velocity, density, and tur-
bulence intensity distributions are estimated.
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r

I" Figure 4-107. Typical Jet Plume Flow Field Subdivision (Not to Scale),
iA into Eddy Volume Elements.
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x

Figure 4-108. Typical Jet Plume Exhausting from a Nozzle of Arbitrary
(Non-Circular) Planlorm Shape.
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A typical suppressor nozzle planform shape at the nozzle exit plane is shown
in Figure 4-109. The nozzle contour can be defined by coordinates (Vo, a). The
jet nozzle exit plane conditions are denoted by subscript "j", and the
ambient field (external flow) conditions are denoted by subscript "a". The
flow conditions at any flow field point (x, r, ) are computed from the
following equations, taken from Section 4.5.7:

Momentum Transport:

2i 2 2 2 e-Ro/ bm 22apU2
r ~ 2) F

PU 2  =a2-a (p Uj PaUa L - d4 (274)

Heat Transport;

UH= 2 (pjUjHj) 1 
- e - /b 2 H d(' (275)

Shear Stresses:

C2 R 2 22
TX = 2D (U2 U2) 0 e-Ro / b m  0 (276)

bm

= 2 2 Vrf(R') - o e-R o/b 2]cos dp - (U -U ) erf _ bm 0

(277)

T C RF / R 22* -ip--m2 (U2- U2) --/Trf - -e-/bm sin 4, d t

2a2b(278)

where denotes a contour integral around the nozzle planform boundary.

In the above equations, U, p, and H are the mean velocity, density and
enthalpy, respectively, and Tx, Tr, and are the x, r, and components
of turbulent shear stress. The coordinates Ro and 0 are defined by the
relations
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?b

R2 = (r-)2 + 2rv [1 - cos (U - a)]
O O0

(279)

and R cos P = r - v cos ( a) - )

The turbulent mixing length parameters bm = Cmx and bh = Chx are determined
by the momentum spreading rate parameter Cm and enthalpy spreading parameter
Ch. Empirical expressions for these have been developed in Section 4.5, and
are as follows:

Cm = 0.075 Ch = 1.15 Cm (280)(I+CIVR)(l+C 2 Mj ) '

where VR = Ua/Ui and Mj = Uj/Cj, the jet exit Mach number. The constants
C1 and C2 were Aetermined from calibrations with conical nozzle flow field
velocity measurements, and values of C1 = 0.25 and C2 = 0.08 were found to
give the best agreement with experiments. Equation (280) is actually a sim-
plified version of the relations developed in Section 4.5, since the explicit
dependence on Reynolds number and Prandtl number has been omitted.

The velocity and density are determined from the distributions of (pU2)

and (pUH) from the following expressions:

2 CT (pU 2
U = 2- +2 + p a (281)

2 12

where H C T + 1 CT (282)
p 2 p a

and a + (oU )  
(283)1- a 2

(pU2)Pa

and =  U2 ) T (284)U2 T= O~

In the above expressions, C and Rg are the specific heat at constant pres-
sure and universal gas constant, respectively [Rg = YCp/(y-l)], y is the
ratio of specific heats, and Pa is the jet static pressure, assumed to be

;A equal to the ambient static pressure. The local temperature is T, and Ta
is the ambient static value.

The axial trubulence intensity u' is computed from the shear stress
components utilizing the following expression:

(u')2 - /(cr/P)2 + (-4/p)
2 + (lOTx/P)2  (285)

249

!-



For nozzles with an axisvmnietric centerbodv or plug, modifications to
thle above computation procedure were developed in Section 4.5. This modifi-
cation consists of a coordinate transformation of thle variables (R0 , 4)) as
follows:

R (r - ~ + 2 A r Ac vi c s0 I.)-
0

(286)
R cos 4 Ar - COS -

where Ar =/r, rb(x) anid Av V, 0 2 rbh (0)

and rb(x) is the centerbody/piug contour coordinate spe~ificatior. For
rb(x) 0, equations (286) reduce to equation (279).

Equations (274) through (286) completely definie the flow field calcula-
tion procedure. As discussed in the previous section, the 2iow properties
are evaluated at all field points corresponding to eddy volume elemeait cen-
ters (x, r, 11) required for thle sulbsequent noise prediction.

4. 7.4 Source Spectrum P'rediction

The noise spect rum generated by a given eddyV vol ine eie'.ent in absence
of Convect ion anid fluid sh ielIdinug ef fects is referred to herein as the source
spec t ruim. As discussed in sec tion 4. '3, eaIch OddyV vol ume ei enent consists of
(qUadrUpole sources, of variOuIs orientations. it is assumed herein that the

truec isIealviotr;icoth thtlee La'tiV I eon tribilti ens of the

various quadruipole types are spec iitd in some consistent fashion.

In the absence of coir.-ec tion and refract ion effects , the mean-square
so 0unTd press-ure in thle ;ar fielI,' due to a f inite volume of turbulence is
given by, e.g. , Lightlii t! (4

-- R R . '4

2 (,',) 4 _>6 JJ v v.)cv-'-) d (1 (287)
16--)

wlrf' v dtnot 's thle po.; ' ion01 vector within the turbuilence, deniotes I lit
;,, purt io ())Vector f or the It c ros s-cko rreI a t ionl betweenl ( ,vt jv )t v7 - I .

(. )v it 112 +-1/2 , and de1kinot es t ie t ine dlelav of tile cross-_cons
A\ -kot chi of te coordilma't 0 '(VS t('! 0T; nomeC I at Iii is shoWW1 i aF gr
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=ijk (Pvivj)(P'VkV£)dZ (288)

It is assumed that the turbulence is quasi-incompressible, and the source
strength can then be expressed in terms of the fourth-order velocity corre-
lation tensor Sijkk = (vivjvkvj) as follows:

1 i 2 J a4 I dZ (289)Iijkl m P -- 4 Sijk£

Ribner( 39 ) assumes the tensor SijkZ to be expressible in terms of
linear combinations of second-order correlations [see e.g., Lin (85) Pg. 43]
as follows:

Sijkk = Sik Sj + SitSjk + Sij Skk (290)

where Si- = vivj, etc. The isotropic turbulence model of Batchelor( 86) is
then useA to evaluate the various source terms Iijkk. The second-order
correlations are assumed to be separable functions of and T, i.e.,

Sij(Z,T)= Rij(C) g(T) (291)

i2 1where Rij = (u')2[(f + 1 f iJ - I f' ic ] (292)

2j 2 2u 2 2 i2

and f = f(C) exp( /L 2 2 2 2 (293)= = ' = 1 + 2 +  3(9

and Lx is the longitudinal macroscale of the turbulence. The function g(T)
is the time-delay factor. By direct substitution of expressions (290)
through (293) into (289), Ribner(39) derives the following expressions for
the various source strength components:

1, 42 L32 (u') 4 [g 2 (T) iv (294)
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12222 =13333 111 (a) (295a)

1122 1133 2233 8 1111 (b) (295b)

11212 1313 = 3 7 (c) (295c)
1212 1313 2323 16 1111l

The remaining components are either redundant (e.g., 11212 14121) or do
not contribute. The above expressions correspond to Ribner's self noise"
contributions, since vi represents the fluctuating component of the total
velocity vector. The so-called "shear noise" component identified by Ribner
is not considered herein, for reasons discussed by Mani(3 7,38).

The spectrum of Illl is obtained by a Fourier transformation of equa-
tion (294), which yields the following expression:

I111 =- I (T) eBTdT

or

I LL 32,44 ( ITT (296)
lll(' = Lx p2(u'  J 2 e dx

where Q is the frequency in a reference frame moving with the turbulent eddy.
Following Ribner's suggestion, the time delay factor g(T) is assumed to have
the form

2
g(T) e - (T/To) (297)

Substituting equation (297) into (296) yields the following form for the
source intensity spectrum, where the subscripts (1111) have been omitted
for brevity:

,/_ 3 2 4 4I(fl) Lx p2(u') fl0 H(QTo) (298)

where

H(OT - - 2(T/o) eiT°0 (i/r°)d(T/T)
0 w10 0

or H(Q o) -= e-(Q~o)2/8 (299)
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The term To represents the characteristic time delay which determines

the minimum "significant" correlation in a moving reference frame. For

example, one criterion might be that To is the time delay for which the

correlation falls to i/e of its peak value, or 10% of its peak value, etc.

Alternatively, it can be defined as To 
= f g(T)d. Davies, et al.(1

6 )

have made measurements of the cross correlation of (vlvj) in a subsonic

round jet, in the initial mixing zones. Their results show that T o (based

on I/e criterion) was proportional to the inverse of the mean shear, i.e.,

T 3r -(300)

In addition, they found that L and To could be correlated with turbulence

intensity u' by the relation

u'T 0 L (301)
o x

combining (301) and (298), the final expression for source intensity spectrum

is obtained:

I(") p2 (u')
7 (PTo)

4 exp [- 2(O)  (302)

The turbulence spectrum is essentially represented by equation (299),

while the noise spectrum is represented by (302). The noise spectrum is
essentially the turbulence spectrum multiplied by frequency to the fourth
power.

The constant of proportionality in (302) must be determined empirically.
Equation (302) represents the source intensity spectrum of an x-x quadrupole,

with indices (1111). From equation (295b), the cross correlations between

quadrupoles of different types are weak; for example, the correlation between

a(ll) or (x-x) quadrupole and a(33) or (z-z) quadrupole to give the contri-
bution 11133 is only 1/8 of that for I1111. It can therefore be assumed that
the quadrupoles of a given type do not effectively correlate with quadrupoles
of other types, correlating significantly only with themselves. Similarly,

the factor 7/16 which relates (x-y), (x-z), and (y-z) quadrupole contribu-

tions to the (x-x) quadrupole contribution in equations (295c) can be replaced

by 1/2 without significant loss of generality or accuracy.

4.7.5 Acoustic Prediction

In Section 4.3, expressions were developed for the far-field noise of

convected quadrupoles imbedded in a parallel shear flow, utilizing high-
frequency asymptotic solutions to Lilley's( 1 5) equation. These expressions,

for a source of unit volume and unit strength, when applied to a collection
of sources distributed throughout a parallel shear flow model of the jet
plume, yield the following equation for the far-field noise spectrum:

S (a + 2a + 2a )dy (303)
p2 (R,e, ) - xx xy yy yz

y
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where the integration is over the entire jet plume. The factors axx , axy,
ayy, and ayz are the directivity factors for each of the contributing quad-
rupole types contained in each turbulent eddy volume element. The factor a
is given by*

2 2

1612R2 4  - Mcose)-2(l- cose) -1 (304)

a

where I(Q) is given by equation (302), and subscript "o" refers to the
volume-element or eddy-center location conditions. The parameters NO and
Mc are defined as

MO - Uo/Ca Mc W Uc/Ca (305)

where Uc is the effective convection velocity of the eddy.

The directivity factors axx, axy , ayy and ayz have different forms,
depending on the location of the source and the velocity and temperature
profiles in the vicinity of the source. As discussed in Section 4.3, these
factors depend explicitly upon a shielding function g2, which has the
form:g2 (l-Mcose) 2(Ca/C)2 - cos 2 (306)

(l-Mc cose)

where C = C(r) and M - M(r) - U(r)/Ca. Given a velocity U(r) and temperature
profile C(r)-.'T(r), the shielding function profile can be computed per equa-
tion (306). Depending on the observer angle e and the profile shapes, the
profile of g2 (r) may have both positive and negative "zones", or may be posi-
tive for all values of r. If a negative region exists, the possibility of
fluid shielding of the sound source exists, depending on the location of the
sound source relative to the negative or shielding zone. The location r - r.
where g2 (r) crosses zero is termed a turning point. In practice, more than

* one turning point can occur, although more than two turning points is very
rare.

A maximum of two turning points is considered herein. This allows six
possible situations regarding the source location relative to a shielding
zone. These are illustrated qualitatively in Figure 4-111. This figure
shows g2(r) plotted versus radial distance in the jet plume for six cases.
In case (a), g2(r) is positive for all values of r, and shielding of the
source does not occur regardless of where it is located radially in the jet.
In case (b), the source is located outboard of the region where g2(r) is
negative, and still no shielding occurs. In case (c), however, the source is
located inboard of the turning point, ro < ral, and lies inside the shielding
zone. The source will therefore be shielded to some extent.

Note that a has one less doppler factor than that given by Section 4.3 to
account for the reduced number of eddies which contribute at a given time
for a fixed source region, as discussed by Ffowcs-Williams(6).
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Cases (d,e,f) of Figure 4-111, show that there are two turning points,
r., and r0 2 > roi. In case (d), the source lies outside of both turning
points and, therefore, sees no shielding. In case (e), the source lies
between the two turning points and thus is shielded by the fluid layer be-
tween r - ro and r - 02. Finally, in case (f), the source lies inboard of
both turning points and, therefore, is shielded by the entire fluid layer
ral < r < r.2 .

The acoustic radiation solutions for all of the six cases illustrated
in Figure 4-111 are worked out in detail in Section 4.3, and yield different
forms for the directivity factors axx, axy, ayy, and ayz for each case. These
directivity factors have the following forms:

cos e
a -xx (307a)axx (1-Hccose)4

2 2
co9

a = - 21 cose)a2xy (307b)ay 2(1-M c os8)2

c

a 3 4ayy 8 go 8y (307c)

yy 0 yy

ayzu " g 0 
8yz (307d)

where g2 is the value of g2 (r) at the source radius r - ro . The shielding

coefficients Bx, 8xy, 8yy, and 8yz depend upon the case encountered in Fig-
ure 4-112. If the parameters 801, 002, and 812 are defined as

a 01" exp -2k f g2(r)1l/2 dr (308a)

r

802 -exp )-2k fjg2(r) ll/2dr I  (308b)

r
0

812 -*~ -2k 02  (0c

012 ep _2k f jg2(r) 1112 dr(38
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where k = Q/Ca, the shielding coefficients are then determined from the
following table:

Table 4.7.1. Shielding Coefficients 8ij.

Case $xx 8 xy 8yy 3yz

ia 1 1 1 1

!b 1 1 1 1

c 80l 0 0 0

d 1 1 1 1

e 002 0 0 0

f 012 812 812 812

Note that a value for 8xx, etc., of unity (as in cases (a), (b), and (d)]
indicates no fluid shielding. When the source is imbedded within the shield-
ing zone, as in cases (c) and (e), only the x-x quadrupole contributes, for
reasons explained in Section 4.3.

4.7.6 Shock-Cell Noise Prediction

As was discussed in Section 4.7.2, the shock-cell broadband noise pre-
diction J1 based on a modification of the theory of Harper-Bourne and
Fisher 6 9) . A thorough discussion of this theory and its application to
noncircular nozzles can be found in Section 4.6.

Although the analysis of Section 4.6 demonstrates that noncircular
nozzle shock-cell noise exhibits the same scaling of noise level with oper-
ating conditions as that for a conical nozzle, the influence of nozzle shape
on noise level and spectrum shape is not quantified to the extent that a
verified prediction method can be established. A method of predicting the
shock-cell structure (number of cells, spacing, etc.) is required for develop-
ment of a general shock-cell noise prediction procedure. An interim shock-
cell noise prediction method has therefore been adopted for incorporation
into the unified aeroacoustic prediction model, with the expectation of
replacement by a more general method at some future date.

The interim method is essentially that of Deneuville( 8 7), with some
4modifications to simplify the calculation and incorporate some of the ideas

developed in Section 4.6 for noncircular nozzles. The modifications for
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simplifying the calculation procedure are discussed in detail by Gliebe( 8 8).
The method consists of modeling the shock-cell noise component of the spectrum
by two straight lines, as illustrated in Figure 4-112. The primary variables
required are peak sound pressure level, SPLp, and the frequency, fp, at which
this occurs.

Given a nozzle operating at pressure ratio_PR jet velocity Uj, h r ing
total flow area Aj, equivalent diameter Deq = /4Aj/f, and hydraulic diameter

= 4Aj/Pw (where Pw is the nozzle boundary wetted perimeter), the
parameters SPLp and fp can be computed as a function of observer angle 01.p
The computation proceeds as follows:

(1) compute shock strength parameter 8 from

M.2 -1 (309)F= Y-

where M.2  - 2 PR -ll (310)

(2) compute average shock-cell spacing Lavg from

avg eq

(3) compute peak noise frequency from

f -v (l + Mccose1)- (312)p avg

where U = 0.7 U. and M U /Cc J c c a

(4) compute peak SPL from

& SPLp (eI) = 152.6 + 40 logl 0 (B) + 10 logl0 (Aj/R 2)

+ 10 log DI -40 log (1 - M cose (313)

lo10 ~h eq 10 a I

+ 10 log1 0 (N/8)

*where Ma = Ua/Ca, the flight Mach number, and N is the number of shock cells.
Use N = 8 for conical nozzles. Experimental measurements of cell number for
other nozzles are required to provide input values of N. As a guide, use
N = 8 unless available experimental data indicates otherwise. It is suspected
that, for muleichute/spoke nozzles, N = 4 is a more realistic value.
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The spectrum shape is then cacluated from the assumed two straight-line model
shown in Figure 4-112. The equations are as follows:

SPL(f, 01) = SPLp (01) - 10 log10 (f/f p ) f > f

(314)

SPL(f, 01) = SPLp (6) + 70 log 10(f/fp ) f < fp

Equations (309) through (314) completely describe the shock-cell noise pre-

diction method for obtaining 1/3-octave spectra at any observer angle 0I.

4.7.7 Aeroacoustic Model Integration

The preceding sections have outlined the basic structure of the predic-
tion method and have presented the component building blocks in detail.

This section describes how these building blocks are tied together. Addi-
tionally, some practical considerations are presented which resulted from

experience in exercising the model, and which were found helpful in producing
reasonably accurate predictions while maximizing computational efficiency.

The mixing noise spectrum is computed from equation (303), with the

integration over the jet plumeS( )d replaced (or approximated) by a summa-
tion over all eddy-volume elements. Since equation (303) represents the
narrowband spectrum in terms of source frequency Q (emitted frequency in a

reference frame moving with the eddy), a conversion is made to 1/3-octave
based on observed center frequency f. It is assumed that the 1/3-octave band
level can be approximated by the narrow band level evaluated at the center
frequency, multiplied by the band width, rather than integrating the narrow-

band level distribution over the band width. To convert to observed fre-
quency, the standard 1/3-octave center frequencies are used. For each eddy-

volume element, at each observer angle eI = 1800 - 0, the source frequency is

calculated for each 1/3-octave center frequency from the relation

= 2n f (1 - M cos6) (315)
c

Having evaluated the characteristic time delay to from equation (300), the
spectrum shape of a given eddy, equation (302), determines the amount con-
tributed by a given eddy at that 1/3-octave frequency. Theoretically, all

eddies contribute some amount at all 1/3-octave frequencies, but the rather
"peaky" nature of I(Q) given by equation (302) dictates that the major con-

tribution of an eddy will be in the vicinity of Q v 4/T o .

Computationally, the integrand of equation (303) can be expressed ex-

V plicitly in terms of observed frequency, since the source frequency always

occurs in the combination Q/(l - MccosO). The one exception is in the ex-

ponent of the spectrum function I(Q), equation (302). For example, the
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product a ax can be rewritten as

Pa 2 u') 7(27fT0) 23 Cos 4(\~ SIT~

a a 1. (.C.. . . . .

xx 161T 2 R2 C 2 (-M Cosa) 2  e L 8 ]a co0 2  C~ x

Similar expressions can be derived for a axy, etc.

The eddy convection factor (1 - MccosO) has a singularity at MccosO = 1.
To circumvent this computational difficulty, it is replaced by a modified
convection factor as suggested by Ffowcs-Williams( 6 ) and Ribner( 39) as fol-
lows:

C = (1 - McCosa) /Cl-Mcosa)2 + (atu'/Ca)2  (316)

where, as Ffowcs-Williams and Ribner have shown, the term (ctu'/Ca) accounts
for the finite life-time of the eddy as it is convected downstream. The
constant at was determined from comparison of prediction with experiments to
be approximately 0.5, independent of source location, jet operating condi-
tions, and nozzle geometry. The additional assumption was made that the flow
convection factor (l-Mocose) can be replaced by the modified eddy convection
factor C given by equation (316).

It was also found that the eddy convection Mach number must be a function
of the local flow Mach number of the eddy-volume being considered. Several
expressions for Mc were tried, and the one which was found to give the best
results over a wide range of nozzle operating conditions and geometries was
as follows:

M =1(37
c M (M + 0.65 M.) (317)

where Mj = Uj/Ca, the nozzle exit acoustic Mach number. Equation (317)
represents a simple average of the classical assumption 1c = 0.65 M and the
local Mach number Mo = M(ro). For suppressor nozzles, equation (31J) works
best if Mj is replaced by the postmerged potential core Mach number

&Mm = Um/Ca. This can be evaluated from the results of the flow field calcu-
lation described in Section 4.7.3.'4 The formulation for u', the turbulence intensity, as given by equation

(285), yields reasonable agreement with flow field measurements, at least for
subsonic round jets. The noise levels at low frequencies, however, are under-
predicted when this form for u' is employed. Diagnostic calculations reveal
that this underprediction, ,-hich occurs even for subsonic jets, is associated
with the eddy volume elements far downstream in the jet, in the fully-
developed similarity region. In particular, the contribution due to Tx along

1the center-line of the jet is underestimated. This has subsequently been
2
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attributed to the assumption of isotropic turbulence which was adopted, and to
the neglect of upstream history (turbulence convected from upstream stations)
in the aerodynamic model.

To circumvent these difficulties, an amplification factor is introduced
to enhance the contribution Of Tx~ to the calculation of u' used in the noise
computation. Subsequent numerical experiments with multielement suppressor
nozzles have revealed a similar problem with the contribution Of TTto U'.
Equation (285) was therefore modified to calculate an equivalent u repre-
sentative of the noise-producing turbulence level existing in the flow, as
follows:

,)2 = , J( 2 + 6t (/2 + (10T /P) 2  (318)
( eq 'r/PI+t p t x

where 6t and t are empirically-determined constants. From numerical experi-
ments, it was found that 6t = 2.0 and 4t = 4.0 gave the best results over the
range of jet velocities, jet temperatures, and nozzle geometries examined.
Two additional modifications are made for nonaxisymmetric nozzles (multilobe
chute, tube, etc.). First, the acoustic theory, derived in Section 4.3 and
summarized in Section 4.7.5, applies only to axisymmetric jets. The necessary
assumption is made that a representative average radial profile at each axial
station can be derived which, when inserted in the acoustic calculation, will
adequately model the acoustic characteristics of the asymmetric jet. The
mass-averaged values of U and p are calculated from the azimuthal average of
the quantities pU2 and pUH, utilizing .--quations (281) through (284). The
resulting distributions of U(x,r) and p(x,r) are then employed in the acoustic
calculation described in Section 4.7.5.

The second modification required for nonaxisymmetric jets is the revision
of equation (300) for computing the characteristic time delay of each volume
element. For a multichute or lobe nozzle, for example, there are volume
elements close to the nozzle exit plane which have negligible radial gradients
aUl/3r but large azimuthal gradients aa It is therefore assumed that TEo
is a function of both aUl/ar and 3U/a4. From Reichardt's hypothesis (see
Section 4.5), the transverse shear stresses are related to aUl/ar and a
by the approximate formulae

'_E Z X and - -A
p Dr p r D

m x/2. Thus the transverse derivatives of U can be expressed
in terms Of TEr and T~ as follows:

(T /____ 1(T /P)
ar 2 and 1- u -

ar UCm 2x r Da C 2
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A new transverse derivative DU/an is therefore defined in terms of the above
r and * derivatives as follows,

a- 1-- (319)
UCm2X tyP

such that T 0 an ) (320)

The parameter Pt is an empirical constant which must be evaluated from com-
parison with experiments. Euqations (319) and (320) replace equation (300),
and reduce to equation (300) when the jet flow is axisymmetric, i.e.,
3U/30 = 0. It is found from numerical experiments that ut = 2.0 gives best

agreement with far-field acoustic measurements.

In the case of heated jets at low nozzle exit velocities (V. < 1400 fps),
additional dipole and simple source terms associated with the velocity fluc-
tuations imbedded in transverse gradients of the mean flow density become
important. This aspect of heated jet noise is discussed by Mani( 38). These
low velocity noise source contributions are not incorporated into the f nal
aeroacoustic prediction model. This requires reformulation of Mani's

(3

results in the framework of the high-frequency shielding theory described
in Section 4.3. Such additional development is necessary to extend the
model to low-velocity heated jet noise applications.

Section 4.4 shows that for prediction of jet noise in flight the mean
square sound pressure level should be multiplied by the dynamic amplification
factor (1 + MacosO)-i (where Ma = Ua/ca). In addition, the convection and
flow Maclh numbers should be replaced by (Mc - Ma) and (Mo - Ma), respectively
(where Mc and Mo are evaluateu in a reference frame fixed to the nozzle).

Finaliv, in all predictions of 1/3-octave spectra, the atmospheric atten-
uation corrections given by Bass, et al.( 8 4) are applied, using standard-day
corrections (70% relative humidity and 590 F dry-bulb temperature) evaluated
at the center frequency.

4.7.8 Data-Theory Comparisons

Extensive data/theory comparisons have been carried out for a wide
variety of nozzle configurations, using the aeroacoustic model described
above. Comparisons are made between predicted and measured far-field acoustic
spectra over a range of velocity and temperature conditions. A summary of
the various cases examined is given in Table 4.7.2. Prior to carrying out
these data - theory comparisons, extensive calibrations of the empirical
constants contained in the model were carried out utilizing cold round jet
experimental results (Olsen, et al.(18) and Tanna, et al.( 9).
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Table 4.7.2. Data - Theory Comparison Case Summary.

Case Fig. Nozzle Type Deq AR PR TTj Vj VR TR R

1 4-113 Conical 4.64 --- 2.06 1739 1211 --- -- 40

2 4-113 4.64 --- 1.98 1203 1602 --- . 40
3 4-113 4.64 1.95 704 1985 --- 40

4 4-114 4.64 3.67 1504 2380 --- 40
5 4-115 0.79 R/R Plug 3.74 --- 1.73 820 1200 --- 40
6 4-116 3.74 2.45 1190 1800 --- 40
7 4-117 3.74 3.29 1557 2340 --- 40
8 4-118 Coplanar Coaxial 4.64 2.00 1.80 549 1009 0 0 40

9 4-119 (Cony. Bypass) 4.64 2.00 1.80 551 1012 0.19 0.982 40

10 4-120 4.64 2.00 1.80 549 1012 0.402 0.991 40

11 4-121 4.64 2.00 1.80 547 1009 0.597 0.996 40

12 4-122 4.64 2.00 1.80 546 1006 0.799 0.998 40
13 4-123 4.64 2.00 1.80 550 1007 1.255 0.998 40

14 4-124 4.64 2.00 1.80 1292 999 0.513 0.436 40

15 4-125 Coplanar Coaxial 2.94 0.40 2.45 1178 1792 1.50 1.189 40

16 4-126 (Inverted Flow) 2.94 0.40 3.26 1607 2366 1.99 1.622 40

17 4-127 Coplanar Coaxial 3.74 0.647 2.20 998 1481 1.53 1.919 40

18 4-128 (Inverted Flow) 3.74 0.647 2.42 1196 1797 1.49 1.201 40

19 4-129 3.74 0.647 3.27 1603 2366 1.94 1.613 40

20 4-130 Coplanar Coaxial 6.58 2.00 2.07 996 1500 1.47 1.775 40

21 4-131 (Inverted Flow) 6.58 2.00 2.74 1311 1991 1.92 2.256 40

22 4-132 Dual Flow Plug 3.75 0.647 2.46 1200 1811 1.47 1.200 40

23 4-133 ,Inverted Flow) 3.75 0.647 3.27 1650 2402 1.97 1.650 40

24 4-134 7-Tube 2.32 1.56 1616 1525 --- --- 9

25 4-134 --- 1.84 1605 1750 --- --- 9

26 4-134 --- 2.71 1602 2200 ... ... 9

27 4-135 32-Chute (2.1) --- 2.65 1685 2246 --- --- 320

28 4-136 36-Chute (1.5) 21.12 --- 1.74 820 1200 --- --- 2400

29 4-136 --- 1.99 1618 1871 --- --- (S/L)

30 4-136 --- 3.06 1766 2428 ... ...

31 4-137 36-Chute (2.0) 21.12 --- 1.74 820 1200 --- --- 2400

32 4-137 --- 2.00 1632 1892 . .. (S/L)
33 4-137 --- 2.95 1756 2387 - .

34 4-138 36-Chute (2.5) 21.12 --- 1.74 820 1200 .. --- 2400

35 4-138 --- 2.02 1619 1890 ... .. (S/L)

36 4-138 --- 3.00 1757 2400 ... ..

37 4-139 8-Lobe Daisy 11.50 --- 1.58 1290 1377 --- . 400
38 4-140 --- 1.99 1497 1800 --- --- (S/L)

39 4-141 --- 2.53 1686 2186 ---
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Cases I - 23 in Table 4.7.2 represent axisymmetric jet configurations,
while cases 24 - 40 represent multielement nozzles of various shapes and
element numbers. The experimental data for these comparisons were obtained
from the experimental phases of tasks 2, 3, and 4 of the present program.
The definitions of the parameters listed in Table 4.7.2 are given below.

Deq - Equivalent flow - area diameter V4Aj/7, inches; for dual-flow
systems, Deq is based on primary stream flow area. For con-
ventional bypass nozzles, the inner stream is the primary
stream; for inverted-flow nozzles, the outer stream is the
primary stream.

AR - Outer-to-inner stream area ratio

PR - Primary stream stagnation-to-ambient pressure ratio

TTj - Primary stream stagnation temperature, 0 R

Vj - Primary stream ideal jet velocity, fps

VR - Outer-to-inner stream velocity ratio

TR - Outer-to-inner stream stagnation temperature ratio

R Observer distancE, ft. All cases are presented on a constant-
radius arc except cases (28 - 39), which are on a sideline
(S/L).

A summary of the basic geometric characteristics of each of the nozzle
configurations listed in Table 4.7.2 is given in Table 4.7.3. Further de-
tails of the nozzle hardware are reported in the Task 3 results of this

program. Details of the seven-tube nozzle, cases (24 - 26), are reported
in Section 5.6 of this report.

At the time that many of the data - theory comparison studies were
being conducted, the shock-cell noise component of the aeroacoustic model
was not developed to the point that predictions for noncircular nozzles
could be made with confidence. In these cases, data - theory comparisons
were made with the shock-cell noise component omitted from the prediction,
and forward-arc spectral comparisons were sometimes avoided because of the
expected shock-cell noise contamination of the data. Those cases where

shock-cell noise was included in the prediction were: case 4 (conical);
case 26 (7-tube nozzle; and case 39 (8-lobe nozzle). In addition, for cases
6 and 7 (0.79 radius-ratio plug nozzle), the equivalent-area conical nozzle
shock-noise OASPL is indicated on the appropriate figure. Omission of the
shock-cell noise component in the prediction of multichute nozzle cases shows
that forward-arc noise can still be predicted accurately, indicating that
shock-cell noise is not a significant factor for these cases.
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Table 4.7.3. Data/Theory Comparison Configurations.

Cases Figures Type

Conical Nozzle
1-4 4-113- 4-114 D = 4.64 in.

D

5-7 4-115- 4-117 Nozzle

A = 10.96 in.
2

DI/Do = 0.79
i

Coplanar Coaxial

8-14 4-118 - 4-124 AR = 2.0 Cony. Bypass 4
15-16 -125 - 4-126 AR = 0.4 Inverted Flow t

17-19 4-127 - 4-129 AR = 0.65 Inverted Flow
20-21 4-130 - 4-131 AR = 2.0 Inverted Flow

Inverted-Flow j \
22-23 4-132 - 4-133 Coannular Plug

AR = 0.64
DV/Di = 1.37
LD ° = 0.73

24-26 4-134 D/d = 3.0

_ _ _ _ _ Multi-Chute

27 4-135 32 Chutes, Aann/Aj = 2.1
28-30 4-136 36 Chutes, Aann/Aj = 1.5

36 Chutes, A IA 2.0
31-33 .4-137 ann J

34-36 4-138 36 Chutes, Aann/AJ = 2.5

8-Lobe

37-39 4-139- 4-144 A ann/Aj 
= 1.83

_ _ _ _ D /D 0.23
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Some general observations can be made about the data - theory comparisons
which apply to certain classes of nozzle geometries and/or to certain regimes
of operation. Cases 1 - 3 represent operation of a conical nozzle at a fixed
pressure ratio (PR z 2.0) and varying jet velocity by-variation of jet temper-
ature. The nozzle exit Mach number ib approximately unity, and therefore
shock-cell noise should not be present. The degree to which theory agrees
with data for these cases is therefore a test of the turbulent mixing noise
and flow shielding components of the prediction model. In considering all of
the comparisons shown in Figure 4-113, there does not appear to be any obvi-
ous deficiency in the model.

Case 4 (shown in Figure 4-114) demonstrates the coupling of the shock-
cell and mixing noise components of the model. This (conical nozzle) case
contains substantial supersonic flow (PR -3.67), and shock-cell noise dom-
inates the forward-arc noise (01 < 900). The good agreement observed between
data and theory indicates that the assumption that mixing noise and shock-
cell noise are noninteractive and can be calculated independently is a reason-
able one.

Cases 5 - 7 (Figures 4-115 through 4-117) show reasonably good agreement
between data and theory, and demonstrate the ability of the model to simulate
plug nozzle flow fields and associated noise characteristics. The shock-cell
noise component was not included in these predictions, but the shock-cell
noise OASPL levels for an equivalent - area conical nozzle are indicated on
the directivity curves where applicable. These results confirm the observa-
tions made in Section 4.6 that annular plug nozzles exhibit lower shock-cell
noise than a conical nozzle.

The conventional bypass coplanar coaxial jet data - theory comparisons,
cases 8 - 14 (shown in Figures 4-118 through 4-124) generally show good agree-
ment between data and theory for all cases. The model adeuqately duplicates
the observed changes in spectral characteristics with outer-to-inner stream
velocity ratio. One discrepancy noted is the tendency to predict a steeper
fall-off of the high frequency side of the spectrum than is observed for

0.4 < VR < 0.6. This tendency applies to cases 10 - 11, which are ambient
temperature jets. For the heated inner stream condition with VR - 0.5,
case 14, underprediction of the high-frequency noise does not appear to be
as much of a problem.

Data - theory comparisons for the inverted-flow coplanar coaxial jets
are shown in Figures 4-125 through 4-131. The area ratios vary from 0.4 to
2.0, and velocity ratios of 1.5 and 2.0 are examined for each area ratio.
These cases are representative of dual-flow exhaust systems applicable to
duct-burning turbofan and variable-cycle engine systems. In general, there
is good agreement between data and theory with no apparent consistent failure
of the model. When these predictions were first attempted, the model did not
correctly predict the observed double-peak spectrum shape at angles close to
the jet axis, 130* < ei < 1806.
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~Figure 4-117. Data/Theory Comparison Case 7: 0.79 RadiusJ Ratio Plug Nozzle, Vj = 2340 fps (Continued);
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(c) OASPL Directivity and PWL Spectrum.
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In order to understand the reasons for the difficulties encountered in
matching the data at angles close to the jet axis, detailed diagnostic studies
and computations were undertaken. The noise contributed by each "slice-of-
jet" to the total noise signature was determined for one test point, and
further diagnostic computations, to break down the contributions of each
radial volume element, were made for those axial slices found to be dominant.
It was found that the noise at angles close to the jet axis is dominated by
radiation from a small region around the fan stream potential core tip, approx-
imately 1 to 2 diameters (based on fan equivalent area) downstream of the
nozzle exit plane. The low frequency spectral peak apparently arises from
the rapid axial diffusion along the centerline of the fan stream after the
potential core. The high frequency peak results from the large convective
effects produced in this region by eddies traveling at the Mach wave condi-
tion relative to the observer.

In order to achieve the correct balance between convection, shielding,
and source strength for those volume elements in this region, it is necessary
to set t = 0 for those axial stations upstream of x =10 Deq. This results
in too low a level for the high-frequency end of the spectrum, and, therefore,
the levels of u' are arbitrarily raised by 10% to offset this effect whenever

t= 0.

The above interim modification is a somewhat crude way of deleting
physically unrealistic noise sources from the model output. The problem
arises with those eddy volumes which have rapid axial diffusion (i.e., large
Tx) but no significant radial shear stress (i.e., Tr -0). Thus u' is large
according to equation (318), and the characteristic time-delay To, is in-
finite according to equations (319) and (320). Since the characteristic fre-
quency is proportional to the reciprocal of Tothis implies that the eddy
radiates at high intensity and almost zero frequency. Due to the large
doppler factor (Mach wave condition), this high intensity noise is shifted
into the observed frequency range at even higher intensity.

Several alternative techniques for improving the aft-angle spectrum pre-
dictions have been explored. These included the following:

1. Skipping those eddies which are radiating at the Mach wave condi-
tion,

2. Smoothing of the convection factor radial distribution in the
vicinity of the eddies at the Mach wave ccndition,

3. Adding an axial gradient component to the dominant frequency (time
constant) calculation,

4. Modifying the doppler factor constantat

All of these (except 2) have some beneficial effect, but sometimes produce
undesirable side effects, and the effects of one modification sometimes de-
pend on the presencze or absence of the others. The technique of setting

=0 and raising u' by 10% for x < 10 Deq works better than any of these
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alternative methods, is simple to implement, and is equally effective for
any of the combinations of AR and VR examined. The~ modification has virtu-
ally no effect on either conventional bypass coaxial jet or conical nozzle

t p e isand hais betan found to be equal ly effecutive (and necessary)
for multielement nozzle predictions. A more sophisticated analytical method

lor handling this problem is a worthwhlt, goal of future model development
efforts.

The dat a - t heo ry comparisons for a staggered exit, dual-flow plug
nozzle (tvpi cal of adivanced supersontic transport engine systems) are
shown in Figures 4-132 and 4-133, corresponding to cases 27 and 28, respec-
t ively. Again, the agreement between prediction and experiment is satis-
factory, demonstrating the' capability of the -model. to handle dual-flow
systems with inner shrouds and Crnterbodies.

The remaining cases (24 - 39) represent multielement Suppressor config-
uirations of var ions Shapes, Sizes, and degrees of complexity. In general,
the data - theory compairisons presented in Figures 4-134 through 4-141 for
these cases show reasonable agreement, with only a few isolated discrepancies
of any consequience.

There is some dilfl i oniitv with the model in p redic ti ng the correct
spec t rum shape at angles close to the jet aIXis ( '1 13}0 ') for mult ielement

con f i guru t i ons . The double-pceak CharaCter ist i( cshapel is not alIways pre-
diet ed in thle correct 1)ailsince, 1 .,1he LOw lI-req nnev peak is too high and
the high frequency peak is toll low or Vi' e-- ':. Fli' dif fiCUltV is thought
to be a con sequence of neI~cCl tI g Iiae e i .cotsill the aerodynamic
calculation. There is als o ev ideulco thit * or mTt ~lichute n1ozzles, a vortex-
shodd ing tyvpe oi ox Cess noise son re' e-xistL whi ci 00111inli usites the mecas ured
'let noise spectrum, part iCHTI si vIt theC lower jet veloc(ities . The aero-
acoust ic pred iet ion model doe 1nt .h''w t tOr' the .. TO oiSe sources,
anid the retore nudi(e rpr~d lets the obe lo oiSe 1e'V.. Is iAt low Jet 'e lou itles.

Future madod vlpmn .-s sou~i t' o.xto to include both base-
p~ressure eftiects and excess- uoi, ,o .ouir ko.

4. 7.9 IIii,~'5Lll ti_ i ilis11 tt on-! C; JIt ie oip es iot1le inim

!tas:ed );I th It Iu . , .1-:, d i; predic t ig tilt- aerodynamic and
ik otn I c h ii t i o 4 .iii.;, 1 - p 11 dii d 1 -: ! w 1- ozz I ,1discussed in Sec-
t ionl 4-.. , it is worthw'hilIc to Iili;is. tlle thloorv to aI. Ilvze the noise sup-

're~~ss iii *'cis1c k.1 of itios 0 I oh.l. ust ion of how flow inversion
(d I] -t inig tic( h i ,I'll veloc i t'; hot stI cain to tl.e ouitside) can provide noise
benefits; for Iultlow ennt\sm in, 0! part icitlar interest.

4 leret1 i( oil ireLd let ionsl: Were rs,Idei'1or both ia conventional byvpaiss and anl

inlverte'd-1 10 W ''OtIlIIIIIiali iozn'Ic W11o1re the itizZ-10 lsWerle s 2:e(l to give the sm

thru*U..'a ic -iliarlV (h igjl ye leeit- vi low, areas, ;iiid the same s;econdary
(low velocity) I~ low aIr 's'.Iho. two nIozzles 1ot, iv. k-,pIiV'alt thrust,

1 low, 1pt im'Irv lil'i steOndsirlV stI-cec11 volo' it iOS, ssild temperatures ; the
di IfereCessC~ ini nIoise shOtid thle'fore >eU Solel v s tunet iOn Of iet Plume
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profile development and mixing. Redefining VR -=s/ and AR = A,/Ap, where
subscripts p and s refer to primary (high velocity) anld secondary (low veloc-
ity) streams, respectively, back-to-back calculations of aerodynamic and
acoustic characteristics were carried out for AR = 1.0 and VR = 0.7. Figure
4-142 shows comparisons of mean velocity profiles at several axial stations.
The peak velocity axial decays are shown in Figure 4-143. Figures 4-142 and
4-143 show that flow inversion produces more rapid plume decay. Figure 4-144
shows comparisons of axial turbulence velocity (a key ingredient in mixing
noise source strength) at several axial stations along the plume. These
comparisons show the expected lower turbulence levels at small values of
xlDeq for the conventional bypass jet, and, correspondingly, the higher
levels of turbulence at large x/Deq.

The corresponding far-field acoustic spectrum comparisons are shown in
Figure 4-145. At 0,= 90% the inverted-flow nozzle exhibits higher noise at
high frequencies and lower noise at low frequencies. Since the high fre-
quency noise generally comes from regions close to the nozzle exit, the
higher high-frequency noise correlates with the higher turbulence levels at
small values of x/Deq shown in Figure 4-144. Similarly, low frequency noise
is primarily from the fully developed regions far downstream, and the lower
low frequency noise of the inverted-flow nozzle correlates with its lower
turbulence levels for large x/Deq (Figure 4-144).

The results at 01= 1300, however, show the inverted-flow jet noise to
be lower throughout the spectrum. This is primarily a result of reduced con-
vective amplification, i.e., lower eddy convection speeds. The eddy convec-
tion speed is proportional to the peak mean axial velocity, and the compari-
son of peak velocity curves shown in Figure 4-143 implies that the inverted-
f low jet exhibits lower convection speeds and therefore reduced convective
amplification. Figure 4-146 shows a comparison of overall sound pressure
level (OASPL) versus 01for the two jets. The shallower slope of the direc-
tivity curve for the inverted-flow jet is a result of reduced convective

amplification.

To demonstrate the influence of flow shielding as a sound emission mech-
anism, the back-to-back calculations were repeated with the shielding effects

suppressed. These results are shown in Figure 4-147, along with the previousii results, at 01 = 1500. Flow shielding is observed to play a major role for
both nozzles. The results shown in Figure'4-147 imply that the flow shielding4 is less for the inverted-flow jet, but that the reduced convective amplifi-
cation more than compensates for this loss.

The noise suppression mechanisms for multielement nozzles appear to be
similar to those deduced for inverted-flow, coannular nozzles. More exten-
sive diagnostic analysis of noise suppression mechanisms utilizing the aero-
acoustic model for several classes of suppressor nozzles are reported in the

4 Task 3 final report of the present program.
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4.7.10 In-flight Jet Noise

Section 4.7.8 presents extensive data - theory comparisons for a wide
variety of nozzle operating conditions and nozzle geometries. All of these

comparisons are for stationary nozzles. Although the primary emphasis in
developing the unified aeroacoustic jet noise prediction model has been on

static jet noise, some preliminary assessments of the model capability for

in-flight jet noise prediction have been made.

As discussed in Section 4.4, the acoustic propagation aspects of the in-
flight jet noise problem can be analyzed by reviewing the jet plume in a ref-

erence frame fixed to the nozzle, so that the plume is subjected to an external

flow (wind tunnel mode). The computation of the acoustic propagation (convec-

tion and shielding) effects is performed as in the static case, with all Mach

number profiles M(r) and Mc(r) [as computed from equation (318)] replaced by

M(r) - Ma and Mc(r) - Ma, respectively. The turbulent mixing calculation is

also unaltered from the static case, but the momentum profiles have a non-zero
external boundary (free-stream) value. The momentum and enthalpy spreading

constants Cm and Ch are, of course, reduced when Ma > 0, as discussed in Sec-

tion 4.5.4, and expressed by equation (280). The shock cell broadband noise
calculation is the same as the static procedure except for the addition of a

dynamic correction factor (1 - Ma cos 61)-4 as proposed by Drevite et al (75),

and given by equation (313).

It is recognized that the nozzle external cowl boundary layer profile and

turbulence levels may have an important influence on the plume mixing_ pro-

cess in flight. This effect is accounted for only insofar as the modeled

variation of Cm with VR is representative of realistic aircraft engine instal-

lation conditions. The Cm versus VR dependence used in the computations de-

scribed herein was derived from coaxial jet centerline decay measurements,
as discussed in Section 4.5.4.

Predictions of the in-flight jet noise of a convergent conical nozzle

have been compared with the Bertin Aerotrain simulated flight noise results

which were obtained by Clapper, et al.( 72) in Task 4 of this program. Fig-

ure 4-148 shows the resulting comparisons between predicted and measured

in-flight results, in terms of OASPL versus 01 directivity. The difference

between static and flight levels, (OASPLstatic - OASPLflight) is shown rather
than absolute levels. The predicted trends agree well with the data except

for the lower jet velocities at angles close to the jet axis. In particular,

the theory correctly predicts the observed amplification of jet noise in the

forward quadrant (81 < 90') due to flight.

One method proposed for predictin flight effects on jet noise is the

velocity exponent method of Bushell(90) . This method consists of predicting

the flight effect from the following expression:

OASPLstatic - OASPLflight

=10 log 1 0  (1 - MacoseI (321)
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where Vrel =- Vj - V. and m is an empirically derived exponent which is speci-
fied as a function of 01. Alternatively, from measured static and flight
noise levels, equation (321) can be inverted to solve for the flight velocity
exponent m. This has been done for both the measured and predicted flight
and static results, and a comparison of the measured and predicted flight
exponents is shown in Figure 4-149. The theory again predicts the effect of
01 (and Vj) on the flight exponent m quite well except for angles close to the
jet axis. Note that the exponent is (and is predicted to be) a function of
Vj.

Some example data - theory comparisons of SPL spectra are shown in Fig-
ure 4-150. The theory predicts the observed changes in spectrum shape due to
flight quite well.

Although the flight effect aspects of the aeroacoustic model are not
completely resolved, the results obtained thus far are encouraging, and suggest
that no new, "mysterious" mechanisms are controlling the observed jet noise
in flight. Further refinement of the model to correct the deficiencies at
angles close to the jet axis for low jet velocities is required.

4.7.11 Concluding Remarks

Preliminary comparisons of predictions with experiment have shown that
the present theoretical model is capable of predicting many of the observed
aerodynamic and acoustic characteristics of single and dual flow nozzles.
The inherently lower noise of a convetional bypass coaxial jet relative to
a conical nozzle is a result of lower turbulence intensity. The lower noise
levels of an inverted flow coannular nozzle, however, are a result of the
competing influences of mixing noise, convective amplification and acoustic
shielding alterations. These competing influences are in a delicate balance,
and the type of calculation indicated herein, summing up all the contribu-
tions to determine the net effect in the far field, is required to properly
predict the noise characteristics of complex nozzles.

The aero-acoustic jet noise prediction model in its present form is
based on the following noise source generation/propagation mechanisms:

1. Turbulent mixing - major source of noise in turbulent jets;

*2. Convective amplification - enhancement of noise generated by the
turbulent eddies due to their motion (convection in the jet plume)
relative to the observer;

3. Fluid shielding - shrouding or trapping of the sound waves generated
in the plume by the Jet plume itself.

k Several modifications to the model were made during the course of development;
these were modifications all in the modeling of the jet plume turbulent
structure; e.g., prediction of turbulent eddy convection speeds, turbulent
correlation decay times, etc. This portion of the modeling was the most
difficult to carry out because of the scarcity of relevant experimental data;
many simplifying assumptions concerning the nature of the turbulent struc-
ture were made because no better information is available.
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Nevertheless, the prediction method adequately duplicates the primary
aero-acoustic characteristics of a wide variety of jet types and conditions
with the idealized model that has been constructed, and a few empirical
adjustments made to compensate for these idealizations.

In summary, from the successful results achieved to date, a useful (and
powerful) prediction tool has been established for assessing the acoustic
characteristics of various exhaust nozzle types. This tool can provide use-
ful diagnostic and design optimization information and assist in the selec-
tion of low noise nozzles for future AST system applications.

Several areas of improvement in the model have been identified, in-
cluding: (1) better definition of the turbulent structure parameters rele-
vant to jet noise, (2) the addition of the dipole and monopole density
gradient source terms to improve low velocity heated jet predictions, (3)
further development of the shock-cell noise prediction for multielement noz-
zles, (4) extension of the aerodynamic model to include base-pressure effects,
(5) inclusion of a chute shedding excess noise prediction component in the
model, and, (6) further verification of and improvements in the prediction of
in-flight Jet noise.
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4.8 PHYSICAL SHIELDING

This section discusses physical shielding by semi-infinite pipes. The
case of semi-infinite barriers is discussed extensively in the literature,
e.g., Bowman, et al.( 9 1) and Butler(9 2 ), and hence is only summarized herein.
Model problems relevant to the area of physical shielding by semi-infinite
pipes, are posed and solved. In both cases, a simple approximate method of
dealing with "absorbent" walls based on suggestions of Butler is also devel-
oped.

These calculations can be used to predict the alteration of sound fields
due to the presence of ejector type enclosures or plane barriers if the dis-
tribution of the sources producing the sound field is known. Thus, as far
as ejector aeroacoustics is concerned, the utility of the calculations re-
ported in Section 4.8.2 is limited to qualitative insights because the aero-
dynamic jet analysis discussed in Section 4.5 has not been extended to en-
compass the effect of ejector shrouds for reasons discussed in Section 8.4.
However, the results of Section 4.8.1 can be used whenever it is feasible to
assume that the sound source distribution in the jet plume is not altered by
the introduction of a plane barrier. An example of such an application to
assess the effects of physical shielding will be given in Section 7.2.

4.8.1 Shielding of Sound by a Semi-Infinite Barrier

Figure 4-151 illustrates a sound source located in the vicinity of a
semi-infinite plane barrier. The coordinates of the source location are
(ro, *o), and the coordinates of the observer are given by (r, *, zo). The
source emits at frequency w. This problem is discussed in detail by Butler(9 2 ).
The resulting solution shows that, for r >> ro and kro >> 1, there is negli-
gible attenuation of the sound for 0 < n + 0o, corresponding to the case
where the observer has a direct "line of sight" to the source. The parameter
k is given by u/c, where c is the ambient speed of sound. For = + o,
the exact solution gives 6 dB attenuation. For 0 > w + 0o (i.e., for the
observer being in the shadow region of the source), Butler recommends an
expression due to Bowman, et al.(9 1) for the attenuation. For a hard wall
barrier with Rl = (r + ro)2 + zl, the attenuation, in dB is 20 logl0 I (UkR)I
where

[sec [1/2(o - 0o) ] + sec (1/2(0 + o)I]
U - 2.2nkR1  (kr)l/Z (kro)i/2 (322)

If also, zo << r, the attenuation expression simplifies to:

0 Isec[i/2(o - 0o) ] + sec [1/2(o + o)]

20 log 0  
(323)
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sec [1/2(o -
U /2 1/ (324)

22kR1 (kr)
1 /  (kro)1 /

and

01I sec [1/2(o - 0 o)]20 log10  22/ -ro(325)

Some interesting conclusions can be drawn from equations (323) and (325)

regarding the dependence of the attenuation on: (1) frequency, (2) angular
penetration into the shadow zone, and (3) distance of source from the edge
of the plate. The dependence of attenuation is basically -10 loglo (f) where
f is the frequency. Thus, for example, by doubling the frequency the atten-
uation is expected to be enhanced by about 3 dB. The angular penetration
into the shadow zone can be defined as 6 = (0 - 0o - ir). The variation of
the attenuation with 0 for (kro ) = 190 and 0= 900 is shown in Figure 4-152.
The cases, of both a rigid wall and an "absorbent" wall are shown. It should
be noted that Butler's scheme of treating "absorbent" walls intrinsically
limits the effectiveness of a treated wall over a hard wall to 6 dB. Finally,
the dependence of the attenuation on ro is -10 log (ro). This dependence
should be used with caution, however, because if ro is changed either by
altering the length of the plate or by moving the source, etc., the result
may be to alter 0o also.

4.8.2 Effect of Semi-Infinite Pipes on the Sound Field of Sources
in Ducts

The solution discussed in Section 4.8.1 is relevant to situations where
the intent is to shield jet noise sources from the ground by wing shields.
If, on the other hand, ejector shrouds (treated or untreated) are employed,

a more relevant model problem is one in which the effects of confinement by
a semi-infinite pipe on the power, directivity, etc., of acoustic sources

are examined.

A model problem incorporating the above features, and yet retaining the
ability to obtain an explicit solution, is illustrated in Figure 4-153.

The two-dimensional problem of a semi-infinite parallel plate waveguide
irradiated by a line singularity is considered in Figure 4-153. Six singu-
larity types are considered: a simple source, x-dipole, y-dipole, xx quadru-
pole, xy quadrupole, and yy quadrupole, of harmonic time dependence exp
(-Jwt). The waveguide is of width 2b and is embedded with the singularity
to an extent xo within the duct on the duct centerline. Flow effects are not
considered, and two types of wall boundary conditions (hard wall and pressure
release) are considered. The approximate result for an "absorbent" wall is
obtained by arithmetically averaging these two solutions as in Section 4.8.1.
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Both the directivity and the power of the sound field relative to the case
where there is no semi-infinite pipe are desired (i.e., the case of free
singularity). The relevant nondimensional parameters are (kb), (xo/b),
singularity type, and wall boundary condition (i.e., "absorbent" or rigid
wall). The solution technique employed is the Wiener-Hopf method (see
Noble(93).

Y

- jut
2b Singularity, e

x

Figure 4-153. Two-Dimensional Semi-Infinite Parallel Plate

Wave Guide Model.

The problem statement for a simple source with hard-wall boundary con-
ditions is as follows. A velocity potential, ( (x, y) is sought such that
o satisfies:

+ k 20 - 6(x + xo ) 6 (y) (326)

subject to the boundary condition that D /ay = 0 on y = ±b for x < 0, and that
0 is continuous for y - ±b and x > 0. Introducing axial Fourier transforms
, (a, y) defined by

(a, y) = .(x, y) e j x dx (327)

and

€ (x,y)= _ f (a, y) e - j a x da (328)
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It is found that (P satisfies the equation

dy2

where y2 = (a2 _ k2).

A particular solution for 4) is

inc '27 y

Since y has branch points at a = ±k, branch cuts can be defined as in Figure
4-154 such that y tends to ± jal as a ± along the real axis.

Im(0)

k

-k Re(a)

Figure 4-154. Branch Cuts for y (C2  k21/2

Adopting the usual convention of considering the lossless acoustic problem

as the limit of a system with damping, k is assigned a small positive imag-

inary part which is ultimately set equal to zero. The inversion path in
equation (328) has to pass below the branch point at k and above that at -k.
The solution has the form:

eY'y' ejaxo4) (a, y) = B(a) cosh (y y) - e (330)
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for 0 < y < b, and the form

4 (a, y) = A() e- Yy for y > b (331)

From the symmetry of the problem, it suffices to consider y > 0. From the
continuity of d O/dy for all x across y = b, it is deduced that

B() sin h (yb) + A(a) e-Yb- inc (a,b) = 0 (332)

noting that inc' (a, b) = - inc (a, b). From the boundary condition that

-I = 0 for y = b and x < 0, it is deduced that
ay +

yA(a) e- yb = F+(a) (333)

where F+(a) is analytic in an upper half plane. Similarly, by continuity of
0 at y = b for x > 0, and using the above solution for B(a) in terms A(a)
and Oinc (a, b) [equation (332)], the following expression is obtained:

A cosh (yb)t_ '+ cosh (yb)= GA( ) e -Y b  1 +sinh (yb)J inc sinh (yb)J G_() (334)

where G_(a) is analytic in a lower half plane.

Using equation (333) in (334) one obtains

F+(a) (yb) (a - k) inc b eYb
- = (a - k G_(a)b (135)

(a + k) e-yb sinh (yb) sinh (yb)

Defining e sinh Oyb) as L(a), the Wiener Hopf procedure says that if
yb

L(a) can be decomposed as L+(a) L_(a) (product decomposition) where L+(a) are
analytic in an upper/lower half plane, and if further denoting

(a - k) 0 inc(a, b) be yb L_(a);sin Tb (336)

k sinh (yb)
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by S(a), S(a) can be decomposed into [S+(a) + S-(0)], where S4(a) are analytic in
an upper/lower half plane (additive decomposition), then

F +(a) = (e + k) L,+ (a) S +(a)

and
(a + k) L+(a) S+() eYb

A(y) = (337)

Now
-j cx

-e (yb) L (a)
Sa) = (338)

2 v12 sinh (yb) (a + k)

where

-jcxo
-yb

-e e
inc 2 /2iT y

(93)By a well known decomposition theorem [see Noble p. 13],

I S( ) d

S - 20 j f ( )- (339)

where m() < lm(c). Since S(C) has a term varying as exp (-j xo) with
xo > 0, the contour integral in equation (339) needs to be closed by a
lower half plane semicircle, yielding for S+(a)

-ejkx ° L (-k) r+l e Xokr h(-k (1 + )

= - + r kr (340)
2'27 (a + k) 2v2i (a + k r )

r=l

where kr 2k2 (.2}1/2 for kb > and 1/2

for kb < r

/
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The product decomposition of L(a) is discussed on page 104 of Noble. Since,

for large r, kr - (j rn/b), the above series for S+(a) will converge expo-

nentially. However, the convergence will be slower the smaller the value of

x0 . Note that the above method does not apply at all for x. < 0, i.e., for

singularities not embedded within the duct.

Thus A(a) is completely determined. Now 4(x, y) for y > b is:

p(x, y) =  A(a) e - jax da - Yy (341)

Noble (9 3) shows that with x = r cos 0, y = r sin 8, as r (far field),

1(2kn)i/2 /4 -1/2

(X, y)4 - e sin (0) A (-k cos )r exp (jkr) (342)

Consider now the case where the walls are of the pressure-release

type, i.e., 0 = 0 on y = ± b for x < 0. The formal steps involved in

equations (326) to (331) still apply. Now however, it is 0 that is con-

tinuous across y = b for all x. Hence:

A() e- yb = B(a) cos h (yb) -
e-yb e-jax° (343)

Also, because = 0 for y - b+ and x < 0, it is found that

A(a) e- yb = F +() (344)

Note that F +(a) and G_(a) merely denote analytic functions in the upper and

lower half planes, and it is not intended that the F+(a) appearing in equation

(344) is the same as that appearing in (333).

Finally, because 3 /3y is continuous for y = b and x > 0,

yA(a) e + yB(a) sin h (yb) + e- yb e-jax 0 G_) (345)
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Eliminating B(a) with the aid of equation (343) and using (344) one obtains:

F (a) y e-jaXo

-yb+ = G(a) (346)
e cosh (yb) 2/2€-7 cosh (yb)

Let K(a) = e-Yb cosh (yb), and again let K(a) be factorable as K+(a) K_(a)
where K+(a) and K_(a) are analytic in upper and lower half planes. This
factorization is discussed in detail on pages 102 - 104 of Noble(9 3). Since
y can be written as ,"(a - k) (a + k), i.e., as a product of two factors, one
analytic in an upper half plane and the other in a lower half plane, S(a) can
be decomposed as follows:

K_() e- 3a x °sa) --
2927 cosh (yb) /(eai-k)

= S+(a) + S-(a) (347)

It can be shown that:

-K+(a S+(s) eYb

A(a) = eyb F+(a) = (348)
/(a + k)

As in the case of the rigid wall problem, the additive decomposition theorem
of Noble can be applied to yield the following result for S+(a),

S (a K_ (-k r+1/2) e jxokr 12 (r+1/2) --r~

S (a + kr2i/2)=b 2 kb2 -- k)I /2

r= rk/2r+i/2 (-r+1/2

where

n r+1/2 = k2  [(r+1/2) /b]2 2 if kb > (r+l/2)

and

2  2) 1/2 if kb < (r+1/2) R (349)k:i jkr(r1/i/2/l

r+/
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As in equations (341) and (342), *(x, y) can then be evaluated asymptotically
for large r.

Complex as the above two solutions may seem, their physical interpreta-
tion is not. In both cases, the source first excites duct waveguide modes as
if the duct were doubly-infinite, and then the waves produced to the right of
the source radiate to-the right of the source according to the "transfer
function" linking far-field radiation to a given incident duct waveguide mode
(as discussed e.g., in Noble(9 3), pages 105-110).

The above solutions can be immediately differentiated with respect to
xo once to obtain the solutions for an x-dipole and twice to obtain the
solutions for an xx quadrupole. This is because, for any function f(x + xo),
;2/;x2 tf(x + xo)] - 2ax 0 [f(x + xo)], and, hence, the solution for higher
order axial singularities may be obtained by differentiating the solutions for
the simple source with respect to axial source position. The resulting effect
is to simply multiply each term in the series of equation (340) by (jk..)n and
that of (349) by (Jkr+1/2)n where n is the relevant number of differentiations.
Because of the exponential terms exp (j xo kr) or exp (j xo kr+1 /2), there is
no problem with the convergence of either series, though the convergen'e does
get poorer as xo becomes small.

Consider now the case of a transverse singularity; i.e., with the source

term 6(x + xo) 
6 '(y) in equation (326) rather than S(x + xo) 6(y). Since

the source term is antisymmetric in y, all the solutions will Iso be anti-
symmetric. Since the basic procedure is similar to the priviously-discussed
problemq, only the broad outlines will be indicated. finc is now
{± e-Y|YI e-Jaxo/2V2/i j, obtained by differentiating the previous expression

for Oinc with respect to y. A solution of type [B sinh fYY) + Oincl is
assumed for p for -b < y < b, and one of type ±A(Q) e-Yly is assumed for
y > b and y < -b. For the case of rigid walls, continuity of dt/dy for y - b and
all x yields one relation between B(a), Oinc and A(m). Since O*/Dy - 0
for y = b and x < 0, yA(a) e-Yb is again analytic in an upper half plane.
Finally, continuity of *(x, y) for y - b and x > 0 again yields a Wiener-Hopf
equation whose solution is

K +(a) S +(a) eyb
-Ak) 350)

A (a) k)

where

Z r+l

S+(a) ej x 0
k r + / 7 -) Kl (-kr+l/2)

rinO

v((-kr+1 1 2 - k) (r+l/2)%/[(Ca + k r+/2) 22 b2 k r+/2] (351)
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The analogous result for the y-dipole in a pressure release duct is:

A(a) = eyb L +(c) S +(a) (352)

where
ejXokr  r+l

L(-k ) e (-) (k2- k2)

s() = - r r (353)

r=l kr 2/2n (a + kr

Solutions (350) and (352) can be differentiated with respect to xo (effec-
tively a multiplication of series (351) by (jkr+i 2) and of series (353)
by (jkr) to derive the solutions for an xy quadrupole.

Finally, consider the case of a yy quadrupole in the semi-infinite
waveguide. Oinc is now

-jax 0 - YI ye -jax 0S6(y) e o e _ e

and is symmetric in y. Now (for rigid walls),

(a + k) L+(a) S+(a) 
eYb

Y

where

r+l jx ok
L_(-kr e (k + k ) [1- (k/kr)]

+k r (354)

r=l 2/iT (a + kr

For pressure release walls,

-K+(a) S+() eyb

' A(a) (355)
Va + k
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with

jx kS+) w _) (r+1/2) K_ (-krl) ej x k + /

r-O

(-k r+I 2 _k)
1 /2 ( - kk ) ( + kr 1 /2) 2/i7 b 2 ]1 (356)

kr+1/2

This completes the formal derivation of the solutions for the various
singularities embedded in the semi-infinite duct.

The solutions for the "free" singularities can be obtained by using
equations (341) and (342) with Oinc being substituted for A(a). For con-
venience, these "free" singularity far-field directivities are tabulated
below.

Far-Field

Singularity Type Directivity of

Line Source -j/k

Line Axial Dipole cos e

Line y Dipole sin 0

Line xx Quadrupole jk cos 2 6

Line xy Quadrupole 2jk sin 8 cos 6

Line yy Quadrupole jk sin 2 8

The result for the xy quadrupole in the above tabulation was multiplied by 2
to render its peak value (at 8 - 450) as jk.

The above results were programmed for computation as follows. The direc-
tivity of the embedded singularity is calculated every 50 from e - 00 to
e - 180° . It is compared to that of the "free" singularity over these same

angles. Comparisons are made for the six singularity types for both hard wall
Vi ducts and for "absorbent" ducts (taking the arithmetic average of the solutions

for a hard wall and pressure release waveguide). Detailed calculations were
carried out for kb - 0.2, 0.5, 1, 2, 3, 6, 10, and 20, and for x/b - 0.25,
0.5, 1, 2, and 5. By integrating the expressions for the mean square pressure
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from 0 = 00 to 0 = 1800, total power changes were also inferred. To provide
another reference limit (other than the "free" singularity limit) theory and
calculations were also developed to compute the power changes if the singu-
larities were embedded in doubly infinite pipes (both pressure release and
rigid wall pipes were considered). This theory is much more straightforward
than that for semi-infinite pipes and is briefly indicated below.

Consider a simple source in a doubly infinite rigid walled duct (Fig-
ure 4-155).

ly

2b Simple Source

Figure 4-155. Simple Source in a Doubly Infinite
Rigid Walled Duct.

The mathematical problem is to solve for

V24 + k2 = 6W(x) 6 (y) (357)

subject to 34/3y = 0 on y = ±b and outgoing waves as x - .

Noting that the excitation is symmetric in y, the solution for x > 0
can be written as

jkx jk rxt:4e k e cos (r~ry/b)
4 jkb 2 Jk r b (358)

r=1

Again, differentiating these solutions with respect to x once will yield the
solutions for the x-dipole and differentiating twice will yield the solutions
for the xx quadrupole. For power calculations, only r values such that
kb > rn are of interest. The power transmitted down the pipe to each side
will be
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b Rj 1 k dy, 2b + 1/(4bkk (359)

(-k) 2 b2 r__ l(bk
-b1

where R is the largest integer for which kb > rn. Since the solution to
[V20 + k2 = 6(x) 6(y)] in free space can be shown to have a power on this
basis of (1/4k), the ratio of powers (i.e., that of the power of the embedded
singularity to that of the free singularity) can be shown to be

R
1 +  

(360)
2kb L~bk

1 r

Differentiating (358) twice with respect to y yields the solution for a
yy quadrupole. Power ratios can again be derived analogously.

The solution for the y dipole in a rigid-wall duct can be derived by using
the expansion formula

V'(y) f - - (r + 1/2) sin [(r + 1/2) -b ]  (361)

0

Based on this, one can' show that the solution to V2 + k2  = 6'(y) 6(x),
subject to 30/9y = 0 on y = ±b, and 0 antisymmetric in y, is

"= e (r+1/2) sin [(r+l/2) b (362). i 2b2 (r+1/2

A power ratio can be derived from equation (362) by computing

* d b
f 1,21 kr+l) dy

-b

and dividing by (k/8) which is the power of a "free" dipole on this basis.
The result is
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R1

27r
2

k2 b 2  E (r+l/2)2/(bkr+1/ 2 ) (363)

0

The solation of equation (362) can be differentiated with respect to x to

yield the result for an xy quadrupole in a rigid duct.

Consider now the simple source in a pressure release duct. The expansion
formula,

(y)0 cos [(r+l/2)

is relevant, and the solution for is:

Jkr~i/2x

2 1 e kcos [(r+1/2) iy/b] (364)
2jb r+1/2

Differentiating (364) with respect to x once and twice gives the solution
for an x dipole and an xx quadrupole, respectively, in a pressure-release
duct. Interestingly enough, the solution of equation (349) when differen-
tiated with respect to y will yield the solution for a y dipole in a pres-
sure release duct. Differentiating this latter solution with respect to
x will, .in turn, yield the solution for an xy quadrupole in a pressure
release duct. Finally, solution of (362) differentiated once with respect
to y will yield the solution for a yy quadrupole in a pressure release duct.

The important results of the analytical parametric study carried out in
this section shall be discussed, under the headings of: (1) effect of fre-
quency (kb variation holding other parameters fixed), (2) effect of (xo/b)
or the depth of embedding, (3) effect of singularity type, (4) effects on
directivity, (5) effects of "absorbent" walls, and (6) implications for
ejector acoustics. Discussions of (1), (2), and (3) will be for the power
changes (from "free" to embedded) with rigid wall pipes while those for
(5) will be for the power change from rigid to "absorbent". Discussion of
(6) will also be for rigid wall pipes.

Effect of Frequency - The power changes [Pfre /Pemb ] in dB are shown
in Figure 4-156 tor various values of x/b, for a slmple source and an x-y
quadrupole. The simple source never experiences any enhancement and is
often diminished in a manner similar to the 3-7 dB type diminution experienced
for the source in a doubly infinite pipe. For the xy quadrupole, significant
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power enhancement can occur for kb < 1 and x/b < 2. That is, the embedded
quadrupole can generate far more power than a "free" quadrupole (of the same
strength) due to strong interaction with the duct edges. For x/b < 2, the
enhancement increases as kb decreases, since low frequency waves can "sense
the edges" substantially. For x/b > 2, there is no significant enhancement,
and decreasing kb no longer has an adverse effect, due to the fact that for
kb < /2 the xy quadrupole excites only nonpropagating duct modes whose decay
rate is greater the lower the value of kb.

Effect of (xo/b) - These results are shown in Figure 4-157. As might be
anticipated from Figure 4-156, simple source results are not very interest-
ing. The xy quadrupole results for kb = 0.2, 0.5, and 1 show the dramatic
alleviation of the edge interaction enhancement by deeper embedding. Once kb
exceeds 7r/2 (the "cut on" frequency for the xy quadrupole), the behavior of
the xy quadrupole solutions becomes very similar to those of the simple
source. This is expected, since for a simple source, x dipole and xx quad-
rupole, the "cut on" value of kb equal 0 with rigid walls. In Figure 4-157,
for kb greater than appropriate "cut on" frequency, the results for the
source in a doubly infinite pipe are also shown.

Effect of Singularity Type - These results are shown in Figures 4-158
and 4-159. The "cut on" values of kb for a rigid walled duct are: (1) 0 for
the simple source, x dipole, xx quadrupole; (2) n/2 for the y dipole, xy
dipole; and (3) 7 for the yy quadrupole. Above these "cut on" values, the
embedded semi-infinite pipe values generally lie between the doubly infinite
pipe and free space value (0 dB) with a preferen.- for the latter at low
frequencies (except at very close spacings for quadrupole singularities), and
for the former at high frequencies. Below these cut on values, the xy quad-
rupole alone generally shows the previously noted enhancement at low fre-
quencies kb < I and for (x/b < 2). The y dipole is not singular enough
(inasmuch as edge interactions themselves are of dipole character) to exhibit
any significant enhancement. The yy quadrupole does show 10 dB type enhance-
ment at kb = 0.2 and x/h = 0.25, but with its "high" cut on frequency (kb =
7), any significant embedding destroys such enhancement. Another minor point
of Figure 4-159 is that, at high frequencies (especially for the smaller
x/h), the transverse singularities (y dipole, xy quadrupole, and yy quadru-
pole) are closer to the free space values (0 dB) (as compared to the doubly
infinite pipe values) than are the axial singularities. This is because the
beniefits of physical shielding really occur at large angles to the jet axis
(Oj tending to 180*) where these singularities are weak.

Effects on Directivity - The mechanism by which embedded singularities
radiate to the far field is that they first excite duct wave guide modes as
it the duct wer- doubly infinite, and these then radiate to the far field
from the open end (in addition to producing reflected waves in the duct). At
low frequencies, the characteristic directionality of axial singularities is
more or less completely destroyed, and their radiation patterns become very

y! -imilar to that of a source in a duct, b-ing more or less omnidirectional in
the "Illuminated" portion of the exhaust arc and exhibiting a characteristic
shielding effect in the inlet arc. The shielding increases (generally) with
frequency, angle from jet axis and, to some extent, with depth of embedding.
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Figure 4-160 shows some of the directivity results, where the directivity of
the "free" singularity is also shown. The directivity of the embedded singu-
larity can be inferred from the formula (p 'b1)dB = (Piredg - (P'ee/'Pmb)dB
At low frequencies, the transverse singularities generally exhibit a direc-

tivity pattern resembling that of a transverse dipole in a plate [i.e., vary-
ing as sin (ej/ 2)]. At high frequencies a remarkable, exact solution results.
The type of duct waveguide modes excited by the various singularities can be
tabulated as shown in Table 4.8-1.

Table 4.8-1. Waveguide Duct Mode Types.

n = 0, 1, 2, 3,

Singularity Rigid Walls Prc-sure Release

Source cos (ny/b) Q cos [(n + 1/2) ! ©
b

x dipole cos (n7ry/b) cos [(n + 1/2) 2-1

xx quadrupole cos (nny/b) ) cos [(n + 1/2)Cl) b

xy quadrupole sin [(n + 1/2) ] Q sin (nry/b) Q

yy quadrupole cos (ny/b) (nJ0) Q cos [(n + V/2) 1Y] Q'- b

Associated with the singularity-boundary conditions shown as 0 in Table
4.8-I, one can associate angles On sin -1 (nfr/kb) an angles nl/ 2 -
sin - ] (n - i/2)rr/kb) with the combinations shown as (. These angles are
all less than 7r/2, and only a few of these will exist, depending on how
large kb becomes (there will be more and more such angles as kb increases).
The remarkable fact is that, for the combinations shown as @9, the far-field
acoustic pressure is exactly the same as its free-field value except for a
phase shift of exp (jknxo ) where kn = [k

2 - (n/b)21I /2 at the angles On -
This result is independent of x0 . Similarly, for the combinations shown as
0, the pressure is unchanged at 0 + 1/2 except for a phase shift exp
(jkn+]/2Xo), where kn+l/2 = [k2 - [?n+i/2) ,]211/2. Based on this exact
result, the result for high frequencie2 (wiYh regard to directivity changes)
cAn be explained is follows: In the exhaust arc (for 0 < 0j < 900), at the
above mentioned angles, the ratio pemb'/free is unity. Between these angles
(which become increasingly close together as kb goes up) there are character-
istic diffraction valleys and peaks which are more intense as kb becomes small

'I xc;
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the more complex the singularity, the smaller x/b is, and the greater the value
of 6j. Beyond ej = 900, there is strong physical shielding, which increases
with kb, x/b, 6j and is most pronounced for the xx quadrupole, and least pro-
nounced for the yy quadrupole (shielding being estimated from the ratio

PfrePemb)

Effects of "Absorbent" Walls - It is reiterated that the modeling in the
present analysis of the effect of absorbent walls is quite crude, being based
on suggestions by Butler(94 ) that some estimate of this effect can be obtained
by taking the arithmetic average of the solution for rigid and pressure-release
walls. This approximation basically limits the predicted power change due to
'#absorbing" walls to about 6 dB (except for possible unusual phasing and duct
cut-off effects). The results are shown in Figure 4-161. Two aspects of the
results, while correct in the context of the present model, ought to perhaps
be viewed with skepticism. First, for kb < ii and large embedding, absorbing
walls are actually predicted to increase the acoustic power of a yy quadrupole
over the case of rigid walls. This is because the cut-on frequency for a yy
quadrupole with pressure release walls is actually less (kb = ir/2) for pres-
sure-release walls than for rigid walls (kb = fr). Second, for large kb (for
example, kb = 20 results), absorptive walls are predicted to have a very small
effect. This is because, with centerline source placement, at high kb the
walls are too distant from the source to significantly affect its radiation.
High frequency jet noise sources may be located well off-axis, so that they
are quite close to the "absorbent" walls. Hence the results of Figure 4-161
should not be misconstrued as implying that lined ejectors will be ineffective
at high frequencies. Apart from these two reservations, the results of Fig-
ure 4-161 are quite reasonable. Absorbent walls are more effective on trans-
verse singularities, especially with short depths of immersion. This is pre-
sumably because of the stronger concentration in the direction of the walls of
the free fields of such singularities (as compared to axial singularities whose
free fields are more focused parallel to the duct axis). With x/b > 2, at low
frequencies such differences disappear, and treatment is rather uniformly
effective on all singularities (except for the previously noted case of the
yy quadrupoles). At high frequencies, differences (based on singularity type)
persist even with deep embedding, and one continues to notice rather greater
effectiveness for the transverse singularities. Deeper embedding helps in
enhancing treatment effectiveness, but in the present model this is only true
up to an x/b value of approximately 2.

Implications for Ejector Acoustics - It should be noted first of all that

this effort addresses only the physical shielding or acoustics aspects of
embedding jet noise sources in a containment such as an ejector. An ejector
undoubtedly alters the aerodynamics of the jet plume in a major way (source
alteration), and this issue is not addressed in the present study. Also, the
present study only addresses the sources that lie inside the ejector, since
these are the only ones that are expected to be subject to shielding/solid

Ic surface interaction effects. The implications of this study are as follows:
Identifying "2b" in Figure 4-153 with the duct diameter and considering jets
with exit Mach number from 1 to 2 and low Strouhal numbers of the order 0.25
to 0.5, the use of ejectors may actually have a negative effect unless they
are quite long (L/D substantially greater than unity). This is because
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substantial power enhancement occurs for the xy quadrupole, in this Strouhal
number regime with ejectors of L/D of order unity, much of this enhancement
occurring at right angles to the jet axis and in the inlet arc. With regard
to directionality at such low Strouhal numbers, the patterns will be far less
directional in the sideline and inlet arc portions than the "free" Jet pat-
terns. At high frequencies, ejectors can provide a real shielding benefit
especially at large angles to the jet axis Cej > 900). In the exhaust arc
itself (6j < 900), the ejector shielding effects (at high frequencies) are
minimal being confined to minor diffraction effects. A treated ejector does
help to mitigate some of the low frequency power enhancement effects since it
is most effective along the sideline and inlet arc directions where much of
the power enhancement occurs. As might be expected, treatment, to be effec-
tive, does require the sources to be close (in terms of wave lengths) to the
treated surface. The enhancement of low frequency power previously referred
to will be an adverse effect only to the extent that the flow inside the
ejector is turbulent.
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5.0 MIXING INTERFERENCE EXPERIMENTS

A series of experiments has been conducted to evaluate the acoustic and
aerodynamic characteristics of various types of single- and multielement jets.
The various configurations tested were comprised of simple shapes and arrays
which could be used to examine and isolate various jet noise mechanisms.
The following configurations were tested:

1. Single round Jet (d = 7/8" diam. and 1.5" diam.)

2. Single rectangular jet, 6:1 aspect ratio

3. Twin round jets, 1.33 < s/d < 5.0*

4. Twin rectangular jets, 2.08 < s/t < 13.89*

5. Five-jet linear arrays

6. Six- and seven-tube clustered arrays

Tables 5-1 through 5-5 list the test point conditions for each of these con-
figurations where acoustic data were taken. Table 5-6 summarizes the condi-
tions and locations where laser velocimeter flow field measurements were
taken for each configuration. Finally, source location measurements using
the "hole-in-the-wall" technique were made for selected configurations, and
these are summarized in Tables 5-7 and 5-8.

The following sections describe each of these experiments in detail,
with an emphasis placed on evaluation of the various jet noise mechanisms
identified in Section 4.

5.1 SINGLE ROUND JET NOISE

A series of experiments were conducted to provide data on the individual
*i round jets used in twin-round linear array and circular array configurations.

These experiments were performed with the same 7/8-in. and 1.5-in. diameter,
which were used in the multijet tests. The test parameters were arranged
to produce the same velocity and temperature as in the multijet tests. A map
of the velocities and temperatures is shown in Figure 5-1. All of these tests
were carried out az the CRD jet noise facility with the microphone boom in a
horizontal position, * = 0, and with 8 inches of acoustical foam covering
the concrete pad. A complete description of this facility is available in a
paper by Kantola(94). To establish the validity of this data set, the

experimental results obtained here are compared to well established pri6r in-
formation. It should be noted that corrections have not been applied to these
data for ground reflection and atmospheric absorption due to the acoustical
foam ground cover and to the short microphone radius of 9 ft.

s denotes the minimum center-to-center distance between two nozzles and
t the width of the rectangular nozzle.
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Table 5-1. Test Point Conditions for Single Round Jet.

Temperature (0 R)

Velocity 530 1250 1600 1700 1900 2000
(fps)

SR 7/8(2) SR 7/8 SR 7/8 SR 7/8
1000 SR SR SR SR

SRE SRE SRE SRE SRE

SR 7/8 SR 7/8 SR 7/8
1500 SR SR SR

SRE SRE SRE SRE

SR 7/8 SR 7/8 SR 7/8
175

1900 SR SR SR
SRE SRE SRE SRE

SR 7/8 SR 7/8
2175

SR 7/8
2300 SR SR

SRE

2450 SRE

M(In all cases except the single round jet, measurements in at least

three and as many as five azimuthal planes were made.

(2)Configuration; SR 7/8 - Single Round (d = 7/8 in.)
SR = Single Round (d = 1.5 in.)
SR = Single Rectangular = SRE
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Table 5-2. Test Point Conditions for Twin Round Jets.
(Spacing will be shown in boxes, s/d)

Temperature (0R)

Velocity 530 1250 1600 1700 1900 2000
(fps)

1.33,2.0 1.33 1.33 1.33
1000 2.67,1.67 2.67 2.67 2.67

5 5 5 5

1.33,5.0 -

1.67 1.33 1.33
1500 2.00 2.67 2.67

2.67 5 5
3.67

1.33
2.67

1750 .3.67
5~. 0

1.33 :L. 33 1.33
1900 2.67 2.67 2.67

5 5 5
2.0

2175

1.33
2.67

2250 - 5
1.67

1.33

2400 -2.67

'1 3.95 1



Table 5-3. Test Point Conditions for Twin Rectangular Jets.

Temperature (0 R)

Velocity 530 1250 1600 1700 1900 2000
(fps)

2.08
3.47 4.96 4.96 4.86 4.86

1000 4.86 13.89 13.89 13.89
6.48
13.89

2.08 7.4 4.86 4.86
1500 3.47 13.89 13.89

4.86 4.86
7.4

3.47
1750 7.4

13.89
4.86

2.08 2.08 4.86 4.86
1900 4.96 13.89

2175

2.08
2275 4.86

13.89

4.86
2400 13.89
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Table 5-4. Test Point Conditions for Five-Jet Linear Array.

Temperature (* R)

Velocity 530 1250 1600 1700 1900 2000

(fps)

(1)
L L L L

1000 M M M M
S S S S

L L L
1500 M M M

S S S

L L L
1750 M M M

S S S

1900

L
2175 M

S

L
2375 M

S S

L - Large

M - Medium
S - Small

*1 397



Test 5-5. Test Point Conditions for Six- and
Seven-Tube Clustered Arrays.

Configuration: Clustered Arrays.

Temperature (0 R)

Velocity 530 1250 1600 1700 1900 2000
(fps)

6,() 61, 6L, 7,()61,
1000 6M 6M1 6M, 7M 6M

6S 6S 6S, 7S 65

6L, 7L, 6L, 7L 6L, 7L
1500 6M, 711 6M1, 7M 6M, 7M4

6S, 7S 6S, 7S 6S, 7S

6L. 6L, 7L, 61,
1750 6M 6M1, 7M 6M

6S 6S, 7S 6S

1900

6L, 7L
2175 6M1, 7M1

6S, 7S

61, 6L
2375 6M.

6S 6S

(61, - Large 6 tube

6M - Medium 6 tube
6S - Small 6 tube

7- Large 7 tube

7M1 - Medium 7 tube
7S - Small 7 tube
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Table 5-6. LV Measurements.

Radial Traverse

at Axial Station

(Diameter Y/D)
Configuration To, ~K U0, rn/sec N Corresponding to X/D

1. Single Round 294 100 0.3 2, 6, 9

2. Single Round 294 303 0.967 2, 6, 10

3. Single Round 644 448 0.967 2, 6, 10, 14

4. Single Rectangular 294 303 0.967 2, 6, 10, 14

5. Single Rectangular 644 448 0.967 2, 6, 10, 14

6. Twin Round at 294 303 0.967 6, 8, 10, 14

2 in. Separations

7. Twin Round at 644 448 0.967 2, 6, 8, 10, 14

2 in. Separations

8. Twin Round at 644 448 0.967 2, 6, 8, 10, 14
5 in. Separations

9. Twin Rectangular at 644 448 0.967 2, 6, 8, 10, 14
2 in. Separations

10. Twin Rectangular at 644 448 0.967 2, 6, 8, 10, 14
4.125 in.
Separations
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Table 5-7. Hole-In-The-Wall Measurements

for Twin-Round Nozzles.

0 0

S x
Temperature Velocity Spacing Distance

(0 R) (fps) (inches) (inches)

560 1000 2.0 4.5
15
22
23

3.0 0
21

1250 1500 2.0 0
0.75

1.0
4.5
5.0
9.5

15.0
22.0

3.0 0
4.5
9.0

13.0
14.0
15.0
21.0

5.5 0
4.0
4.5
8.0
9.0

15.0
21.0

40(0
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Table 5-7. Hole-In-The-Wall Measurements
for Twin-Round Nozzles (Concluded).

Temperature Velocity Spacing Distance
(0 R) (fps) (inches) (inches)

1600 1750 2.0 5.0
9.5

15.0
22.0

3.0 0
4.5
9.0

15.0
21.0

5.5 0
4.5
9.0

15.0
21.0

I
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Table 5-8. Hole-In-The-Wall Measurements
for Twin-Rectangular Nozzles.

S x

Temperature Velocity Spacing Distance
(0 R) (fps) (inches) (inches)

1250 1500 4 1/8 0
1.5
2.75
4.5
5.5

10.0
11.5
16.0
17.5
23.5
25.5

1250 1500 1 1/8 0
1.0
1.5
4.0
4.5

5.0
10.5
11.5

15.5

16.5

' 17.5

, 24.0
~25.5

. 402



Table 5-8. Hole-In-The-Wall Measurements for

Twin-Rectangular Nozzles (Concluded).

Temperature Velocity Spacing Distance
(0 R) (fps) (inches) (inches)

1250 1500 1 7/8 0

1.5
1.75
2.0
4.0
4.5

10.5
11.0
11.5
15.5
16.5
22.0
24.0
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2500

0 0
0

2000

O 0 0

0 0 0

1500 00

0 d = 7/8 in.
0 d = 1 1/2 in.

1000 ) 0 0j
500 1000 1500 2000

Jet Temperature, 0 R

Figure 5-1. Test Matrix, Single Round Jet.
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5.1.1 Overall Power and Pressure Level

When compared against Lighthill's predictions, as in Figure 5-2, the data
from both nozzles show some variations in level at a given value of the
Lighthill correlation parameter, poAjVj 8/a 5. This is expected because there
is a large variation of jet densitity In the data, and the Lighthill pre-
diction improperly accounts for the density ratio effect. There are no
apparent systematic differences in level based on nozzle size.

The empirical method developed by Hoch, et al (11) properly accounts for
the effect of density ratio. The result shown on Figure 5-3 indicates very
good data collapse and suggests that on an overall power basis the data is
representative of uncontaminated jet noise.

The overall sound pressure level data at right angles to the jet axis
also collapses very well as seen on Figure 5-4.

5.1.2 Power and Pressure Spectra

As shown on Figure 5-3, the overall power can be readily normalized by
using Hoch's variable-density exponent method. However, the temperature
(hence density ratio) also affects the spectral shape. At a relatively low
velocity of 1000 fps, increasing the temperature causes a shift of the peak
of the power spectra to lower frequencies as seen in Figures 5-5 and 5-6.
This spectral warping is independent of nozzle diameter as there is good
agreement between the two nozzle sizes at both the hot and cold conditions.
At a right angle to the jet axis, the main effect is a reduction of the high
frequency pressure level with increased jet temperature, as seen on Figures
5-7 and 5-8.
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717

0 900

170 1

Subsonic Supersonic

0 [0 d - 7/8 in.
o ci d 1 1/2 in. Cfaf

160

150 [0

0
0

140
0

130
0

120- 0

110
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Log (10 a )

Figure 5-4. Overall Sound Pressure Level at j= 900, Single Round Jet.

4

ii 408



" V = 1000 ft/sec

* d = 7/8 in.
150

140 Ol 0 Ert 00 Ta 5120 R

00 0 0 0
00 0 00000

130 0 0 0
120

0o- 0 0

0

110
-2.0 -1.5 -1.0 -0.5 0 0.5 1.0

Log10 (fd/Vj)
?j

Figure 5-5. Temperature Effect on Power Spectra, d = 7/8 in.
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* Vj = 1006 ft/sec

" d 1 1/2 in.

150 1

r-lb 0 T= 5280 R

140 0000810 80  O

00 00

130 
0 

0 
000

S0 00
0 0

08 0
120 -__ go-_ __

08

110 __ _ _ _ _ __ _ _ _ _

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0

Logo (f d/V )

Figure 5-6. Temperature Effect on Power Spectra for d = 1 1/2 in.
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0 e. = 900
SV 3 = 1000 ft/sec

4 d = 7/8 in.

130

T =512' R

120 __ 000
0 D 'J T = 1930 0 R:: -

o o3t
U

110

o00 LoL f/.
-2.0 -1.5 -1.0 -0.5 0 0.5 1.0

~Logo (f d/V)

Figure 5-7. Temperature Effect on SPL at 8j 900, d = 7/8.
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0 ej = 900
J

o V. = 1006 ft/sec

* d = 1 1/2 in.

130

T = 5280 R

8~0O0 000
120 -- 00 0 00

T 19090 R - -0

3 0

Cn) 110

UB
100 -

90
-2.0 -1.5 -1.0 -0.5 0 0.5 1.0

Log (fd/V.)

10

Figure 5-8. Effect of Temperature on SPL at . = 900, d = 1 1/2 in.
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5.2 SINGLE RECTANGULAR JET NOISE

A study of the noise characteristics of rectangular jets was conducted

to examine the significant noise mechanisms in both rectangular and round
jets. By changing the exit plane geometry of a jet from circular to rectan-
gular shape, there should be corresponding changes in the turbulent and/or
"coherent, orderly structure," [see Crighton(1 9 ] and acoustic shielding or
sound/flow interaction, [see, Balsa( 3 5 )], No attempt is made herein to delin-
eate between "coherent structure" and other turbulent mixing effects; these
are considered to be noise source effects which depend on the unsteady proper-
ties of the jet plume, in contrast to "acoustic shielding" effects which de-
pend on the mean properties of the jet plume. Prior experimental investiga-
tions, (18,95,96) of rectangular jet noise have not considered these aspects
and have been limited to unheated low speed flow. A primary emphasis of the
present work is to present the experimental information in such a way as to
separately define the effects of turbulent mixing and acoustic shielding.

This study of rectangular jet noise is carried out for heated, high
velocity jets typical of the thermodynamic conditions of interest in jet
engines. A rectangular nozzle with an aspect ratio of 6:1 was tested over a
velocity range from 800 to 2400 fps and a temperature range from ambient to
20000 R. For comparison purposes, round jet noise using an equal area round
nozzle (diameter equal to 1.5 inches) was measured concurrently over the same

velocity and temperature range.

5.2.1 Experimental Apparatus

The tests reported herein were carried out at the jet noise test facility
of the General Electric Research and Development Center (see Section 3.1).

The rectangular nozzle is shown in Figure 5-9. Jet velocities quoted here-
in are based on the plenum pressure and temperature, assuming isentropic expan-
sion to ambient pressure. All of the aerodynamic data (pressures and tempera-

tures) were measured continuously, and the average of 6 to 7 data points during
a typical acoustic reading was used to determine the jet velocity and tempera-
ture. A General Radio 1/3-Octave Band Analyzer (GR1921), using a 4-second
integration time, was used to measure the acoustic levels. The microphones
were sampled sequentially through the use of a General Radio Multichannel
Amplifier (GR1566), with a total time to read the 12 microphones of slightly
less than a minute. No corrections for ground reflections were used and cor-
rections for atmospheric absorption were not applied to the data due to the

relatively short microphone radius of 9 feet.

5.2.2 Experimental Results and Discussion

5.2.2.1 Overall Acoustic Power

The noise of the rectangular jet is compared with that of an equivalent-
area round jet on an overall acoustic power basis in Figure 5-10. Three
azimuthal measurement planes, = 0, 450 and 900, are used to obtain the
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A Figure 5-10. Total Power Comparison, Round Versus Rectangular.
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acoustic power levels of the rectangular jets. The round jet noise is
greater than the rectangular jet noise, the difference being small at low

velocity, but increasing to almost 3 dB at high jet velocity. The data

agree with the low velocity results of Mestrello and McDaid( 9 5 ) which is also

shown on Figure 5-10.

Hoch's(l I ) method of correcting for the effect of variable jet density was
applied to the data presented on Figure 5-10. The dependence of the density

exponent, LL, on the ratio of Jet velocitv to ambient speed of sound, VJ/ao,
as used in Figure 5-10, is shown on Figure 5-11. Figure 5-10 is a good example
of the type of data collapse possible with Hoch's method because data at many

different temperatures have been reduced to the same curve. The jet density

exponent for rectangular jets was also determined in the manner of Hoch, et al.
A comparison between Hoch's results for round jets and the present results for

rectangular jets are shown on Figure 5-11. The density exponent for the rec-
tangular jet is qualitatively similar to that of a round jet. There is, how-

ever, a noticeable difference in level.

5.2.2.2 Spectral and Directivity Comparisons

A prominent feature of rectangular jet noise is the existence of distinct
"quiet" and "loud" planes. Defining the azimuthal angle, , as shown in

Figure 5-12, the q 4et plane contains the ma jor axis of the jet while the
loud plane contains the minor axis. Crighton(1 9 ) used a stability analysis to

predict that a elliptical jet would have more rapid growth of spatial distur-

bances (flapping modes) in the plane parallel to the minor axis and this would
lead to enhanced noise emission in the loud plane. Balsa ( 3 5 ) also predicted

differences between the loud plane and quiet plane based on acoustic shielding

considerations. It is necessary to examine the data in a manner which sepa-
rates the source alteration effects (such as Crighton's flapping mode instabil-

ity) from acoustic shielding effects. It is known from previous theoretical

work (see Section 4.2) that acoustic shielding effects are negligible at

0 = 90' for cold jets. (This is strictly true only for nonturbulent flow,
because the instantaneous variation of the local velocity vector in turbulent

flow, causes a loss of acoustic transmission even for acoustic waves that are
normal to the mean flow direction. This effect of turbulence on the trans-

mission of sound has been measured bv Norum ( 7 .

Unheated high subsonic jet noise from round and rectangular nozzles is
compared on Figure 5-12. At an emission angle of 900, the differences bet-

ween the round and rectangular jet noise are minimal but significant. It is,

therefore, concluded that the turbulent field of the rectangular jet differs

slightly from that of the round jet. This difference in noise spectra would

remain relat ively constant with emission angle if source alteration was the
dominant e ft ct, hut at angles of = 30' and 60' there are somewhat larger

differences in the round and rectangular jet noise spectra.

At 0 90', he rectangular jet noise SPL at , = 900 is larger than

at = (II' lis reversa l of the quiet and loud planes is not expected

.11 G
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Figure 5-11. Effect of Velocity on Density Exponent, (j.
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from Crighton's(19 ) work and it cannot be explained by the acoustic shielding
theory of Balsa(3 5) which would predict an axisymmetric sound field for these
conditions. It is unlikely that the turbulent flow effects on the shielding
mechanism could produce this reversal of the quiet and loud planes shown in
Figure 5-12. This reversal is, therefore, judged to be due to an asymmetric
source distribution.

As the angle between observer direction and the jet axis decreases, the
SPL levels in the i = 0* plane become dominant. Figure 5-12 shows that at e = 600

the SPL levels in the p = 00 plane are higher at the higher frequencies. This
trend is equalitatively consistent with the theoretical predictions of Balsa(35 ).
The emission angles from 400 to 600 to the jet axis are the most significant
contributors to overall acoustic power and it is significant that the shielding
predictions provide the proper qualitative results. These results also indi-
cate that neither of the supposed mechanisms acts in isolation. Thus, the
source alteration effects are judged to be dominant at large angles to the jet
axis and the radiation pattern of these sources appears to be strongly modi-
fied at shallow angles to the jet axis by shielding effects on the mean flow.

The trend of APWLp increasing with frequency, evident in the power spectra
of Figure 5-13, agrees well with shielding theory. Figure 5-14 shows that
the differences (in terms of OASPL) are dependent on the angle to the jet axis.
At angles close to the jet axis, there is a second reversal, with the OASPL

measured in the * = 0' plane again being less than that measured in the * = 900
plane. This second reversal in AOASPLp, is due to dominance of the OASPL by
the low frequency portion of the SPL spectrum at low angles, as can be seen in
Figure 5-15. At the higher frequencies, acoustic shielding is still evident
at the shallow angles. The high frequency ASPL at 0 = 30' is approximately
the same as at 0 = 90' and maximum ASPL, occurs near 0 = 600. More variations
of ASPLp with emission angle are shown on Figure 5-16, where data at three
Strouhal numbers are compared to Balsa's theoretical predictions. The large
negative values at ASPLqJ for the very shallow angles are unexpected. It is
expected that, for on-axis source, ASPLp will tend towards zero at shallow
angles as the rectangular jet degenerates to a more round-line plume, but it
should not become negative.

The observed trend can be explained by considering that the sources are
distributed across the jet and taking into account the propagation paths
through the diffusing jet. Figure 5-17 illustrates the proposed mechanism.
For sources in the region of high flow asymmetry, it is possible to have sources
located much further away from the centerline at * = 90' compared to those
at ' = 00. The source at i = 90 ° would have a relatively unimpeded propagation

path to the shallow angle microphone, while the source at 4) - 00 would have a
high-impedance path. This explanation is speculative, but the data illustrates
trends which follow this reasoning. A stronger effect is seen at the high
frequencies (see Figure 5-16) where the sources are close to the nozzle.
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The tendency of the ASPL p to depart from shielding predictions at shallow
angles is tentatively concluded to be due to off-axis distribution of the noise
sources, and to the inability of present parallel flow shielding theory to
account for jet diffusion effects. This conclusion points out the importance
of shielding considerations and of the fact that current parallel flow acoustic
shielding models are not completely adequate for noncircular jets.

5.2.2.3 Veic ty and Temperature Effects

One of e most important conclusions to be drawn from the shielding
theory (17,3~ is the significant effect of jet velocity and temperature on the
radiation properties. The asymmetry exhibited by the high frequency radiation
patterns of a rectangular jet is amplified by increasing jet velocity, and is
dependent on let temperature. This is illustrated in Figures 5-18a, b, and c where
the acoustic power spectra in the measurement planes (ip = 0* and 'p = 900) for
the rectangular jet are shown for a fixed velocity and several different
temperatures, and are compared with round jet data. A different velocity is
represented on each of the three figures. The temperature range is the
greatest on Figure 5-18a and the APWL,, increases monotonically with tempera-
ture. This supports the importance of acoustic shielding in asymmetric
jet noise. At the low frequencies there is little difference between the loud
and quiet planes of the rectangular jet and of the round jet. This is con-
sistent with the shielding theory and it is not inconsistent with turbulent
structure considerations.

Comparing the rectangular data to the round jet data, the round jet noise
spectrum is more peaked than that of the rectangular jet. As the let tempera-
ture increases at a constant jet velocity (Figure 5-18a), the round jet spec-
tral peak dominance increases slightly, while the high frequency portion drops
relative to the rectangular jet spectrum. This high frequency fall-off with
jet temperature is observed to be more drastic at the lower jet velocities.
The effect of jet temperature on overall power difference between the quiet
and loud planes at a constant jet velocity is seen in Figure 5-19.

The sound pressure spectra (SPL) at 0 = 300 at several velocities, with
temperature held constant, are shown in Figure 5-20. Similar comparisons for
690' are shown in Figure 5-21.
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Raising the jet temperature appear:; to enlince the rcvwrsal Ot the quiet
and loud planes at shallow angles. This trend is illustrated in Figure 5-22.
Figures 5-20 and 5-21 show that the differences in the SPI. between a round
and a rectangular jet are much like the PWL results discussed earlier (shown
in Figure 5-20). From these two sets of data it can be concluded that the

principal differences between the round jet noise and the rectangular jet

noise occur at the frequency and emission angle of peak intensity.

Some shock-associated noise is also visible on Figures 5-20a and 5-21a

in the highest velocity data. This shock noise appears in both the round and

the rectangular SPL levels at e = 900 (Figure 5-21a).

The effects of velocity and temperature on the ASPLl for fixed source

Strouhal numbers are shown in Figures 5-23a, b, and c. These figures illus-
trate that ASPLW increases with frequency and velocity and is dependent on

jet temperature. The major changes with emission angle occur at the peak

intensity (intermediate) Strouhal numbers. Very little change is noted at the

low Strouhal numbers, where the sovrce alteration effect is the only signifi-

cant noise mechanism. Again, a maximizing of ASPL is seen to occur near 0 =

600. These results, however, do not take into account the variation of

convection speed Mc with jet temperature and nozzle geometry.

5.2.3 Effect of Velocity on Peak Frequency

Lush(10) found that at shallow angles to the jet axis the spectral peak

frequency for unheated round subsonic jets was independent of velocity. An
increase in spectral peak frequency (at 0 = 30') is clearly evident in Figures
5-20a, b, and c, however, as the velocity and temperature are raised above

cold sovirf conditions. The trend exhibited by the rectangular jet spectra
follows that of the round jet data. The spectra become more rounded at the
higher velocities, however, making identification of a spectral. peak morediffi-

cult. A similar pattern can also be seen at 0 = 90* as shown in Figures
5-21a, b, and c. This upward shift of the peak frequency at high velocity is

in agreement with the heated round jet data of Lush and Burrin( 9) as shown on
Figures 5-24a and -. Unheated subsonic data are also presented in Figure

5-24 and exhibit the stationary behavior of the peak frequency with velocity

as found in the earlier work of Lush.(I1 0 )
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5.2.4 Summary

The major conclusion of this section is that the reduction in overall
acousitc power of a rectangular jet, when compared to an equivalent area round
jet, is mainly due to shielding effects of the mean velocity and temperature
field. This conclusion is based on the observations that the major differences
between the round and rectangular jet noise occurred at emission angles of peak
intensity, and that these differences increased with jet velocity. There are
no observable differences in the power spectrum at low frequencies, and, in
general, the SPL spectral shapes are more similar at right angles to the jet
axis than at the shallow angles. These observations are in qualitative agree-
ment with the predictions of acoustic shielding theory. Small differences be-
tween the round and rectangular SPL spectrum taken at a right angle to jet
axis, for unheated flow, are also observed, indicating that some differences
exist in the noise source distributions. When comparing the PWL, and SPL data
from round and rectangular jets, the largest differences are seen to occur
near the frequencies of peak power and intensity, respectively, The effect
of jet temperature on round and rectangular jet noise is apparently modified
by the enhanced diffusion of the jet plume with heating, and the data displays
a more complicated dependence on jet temperature than on jet velocity.

With regard to the noise as measured in the two planes of symmetry (
00 and P = 90') for the rectangular jet itself, the source location effects
are dominant when the observer is nearly at a right angle to the jet axis.
The radiation patterns of these distributed sources are strongly modified by
the shielding effects of the jet plume as the observer approaches the jet
axis. Shielding theory, in its present form, is valid in the vicinity of the
peak intensity and is inadequate at shallow angles. The largest values of
ASPLN occurred from 40 to 60 degrees to the jet axis, coinciding with the loca-
tions of peak power contribution.

The difference power level, APWLD, showed a monotonic increase with
frequzency, a general increase with jet velocity, and was negligible at low
frequencies. These observations generally support thr. acoustic shielding
arguments. At shallow angles to the jet axis, however, the agreement breaks
down and 7eversals of the roles of the quiet and loud planes take place.
These reversals are more severe at high temperatures and low velocities. It
appears that in order for shielding theory to properly predict the shallow
angle noise of a noncircular jet it will be necessary to include the effects
of jet spreading and diffusion, and the effects of off-axis source locations.
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5.3 TWIN ROUND JET NOISE

Jet noise suppressors are usually constructed so that the exhaust plume
of the engine is subdivided into many separate smaller jets. Noise data
exists on a wide variety of complex suppressor configurations, but there is
a lack of data on simpler elemental configurations. This section provides
a thorough study of the simplest possible multielement suppressor, the
twin-round jet configuration. This configuration has received minor atten-
tion in the published literature (Greatrex(100 ) and Goethert(l0l) present
some limited information).

Emphasis is placed on discerning between suppressed effects of the tur-
bulent field (noise source aspects) and effects of the steady velocity and
temperature fields (shielding aspects). These two noise suppression mechan-
isms can be clearly separated on the simple twin-jet experiments.

5.3.1 Experimental Methods

The experiments reported in this section were conducted at the General
Electric Research and Development Center let noise test facility (see
Section 3.1). Convergent nozzles used tor testing are shown in Figure 5-25.
Each nozzle has an exit diameter of 1.5 inches. Test conditions were re-
corded as described in Section 5.2.1.

5.3.2 Experimental Results and Discussion

5.3.2.1 Overall Acoustic Power

The principal method of clarifying the role of turbulent mixing and
acoustic shielding in the twin jet experiments is the use of variable nozzle
spacing. At large spacings, turbulent mixing effects will be minimal and
acoustic shielding effects will dominate. Conversely, at close spacings the
turbulent mixing effects will be enhanced, and, as will be explained later,
the acoustic shielding will be minimized. By measuring the acoustic radia-
tion in different azimuthal planes, further clarification of the effects of
these two different mechanisms is realized. In the measurement plane con-
tamning the nozzle centerlines ('p = 00), the acoustic shielding will be the
greatest; while in the plane perpendicular ('p = 90') to the plane containing

b the nozzle centerlines, little or no acoustic shielding should be evident.
This is indeed the case, as seen in Figures 5-26 and 5-27, where the quiet
plane 'p = 00) overall acoustic power, OAPWL, measurements are consistently

'.4 less than the sum of two independent twin jets (single jet + 3 dB).

As the spacing, s, is increased, the measured OAPWL in the quiet plane,
for the most part, decreases until the spacing to nozzle diameter ratio,
exceeds 3. At spacing ratios above 3.0, the OAPWL in the quiet plane is
rather insensitive to further increases in spacing. The loud plane (0p = 90*)
OAFWL measurements are seen to vary from less than the single + 3 dB result
(indicating mixing suppression) to greater than the single + 3 dB result
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(indicating additional noise generation). The large differences between
the quiet and loud planes were at first surprising since Goethert and
Borchers(1 0 1 ) had reported only small acoustic power changes at very close
spacing. Goethert's experiments, conducted with cold subsonic flow, were
confirmed in the cold flow tests under this program (see Figure 5-26).

Results of an earlier investigation of a twin-jet configuration by
Greatrex and Brown(I00 ) (although considered by the authors to be preliminary
and of uncertain irliability) are compared with the results of the current
study in Figure 5-28. The comparison is hampered by the lack of specified
conditions for the earlier work, but a reasonable agreement exists except
for spacings of less than two nozzle diameters. At these close spacings, it
is expected that the nozzle exit profile would play an important part. In
the current work convergent nozzles are used, but it is not known what type
of nozzle was used for the earlier work. Comparisons are therefore probably
not valid for very close spacings. Goethert and Borchers used unheated sub-
sonic flow from constant diameter round tubes and found a slight reduction
in total acoustic power at very close spacings in agreement with the results
shown on Figure 5-26.

These small differences for unheated, low-velocity jets are increased
by raising the temperature (and hence the velocity) at a constant jet Mach
number (Figures 5-26 and 5-27) causing an increase in the asymmetry of the
radiation patterns. This trend agrees with acoustic shielding arguments.
The separate effects of velocity and temperature are discussed in more depth
in Section 5.3.2.5.

5.3.2.2 Azimuthal Directivity

The effect of nozzle spacing on OAPWL as measured in different azimuthal
planes is shown in Figure 5-29. The effect is visualized as the casting of
an "acoustic shadow" hv the near jet. At very close spacing, the shadow is
broad and not very deep, but as the spacing is increased, the shadow deepens.
Increasing spacing beyond a certain point causes a narrowing of the shadow,
but at = 0 the reduction in acoustic energy remains at the maximum value.

5.3.2.3 Polar Directivity

Sbi I (i jg theorv Ias dsc ribed by Nan i (17) and Ba3sa ( 3 5) ] predicts a
reduction in the sound radiation of imbedded sources as the observer ap-
proaches the jet axis. Likewise it would be expected that radiation of
nonimbedded sources, such as those from an adjacent jet, which traverse
the near jet would suffer a similar reduction as the observer approached
the jet axis. Figure 5-30 illustrates this effect very clearly with an
increasing reduction of noise in the quiet (q, = 0') plane as the jet axis
is approached. This reduction is seen whether comparison is made to the
twin-jet measurement in the loud (, = 900) plane or the sum of two indepen-
dent jets (single + 3 dB). About 1.5 dB of the reduction can be attributed
to mixing suppression (for angles greater than 20'), deduced from comparing
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the twin-jet noise at 4,=900 to the single jet + 3 dB level. This is
because, in the *, = 908 plane, there is no shielding by an adjacent jet. The
additional reduction seen in the (,=00) twin jet noise ate =9Q0 cannot be
attributed solely to mixing suppression, because acoustic shielding is
possible at e = 900 with heated flows.

5.3.2.4 Spectral Effects

The part of the jet noise spectrum most responsible for the asymmnetries
of the spectral-averaged measurements mentioned earlier has not been identi-
fied in the current literature. The frequency dependence of the shielding
of the far jet by the near jet is shown in Figure 5-31. Low frequency mixing
suppression can also be noted by compring the single + 3 dB data to the twin
data at 4,=900.

The sound pressure spectra, SPL, at e = 30%, 60%, and 90* are shown on
Figures 5-32a, b, and c. The trends are similar to what would be expected
from the OASPL and PWL results, with the shallow-angle, high frequency data
showing the largest amounts of shielding. Low frequency mixing suppression
for the twin-round nozzles, is evident at 6 = 300 (Figure 5-32a). At 6 - 90*
(Figure 5-32c), mixing suppression appears over the majority of the frequency
range.

5.3.2.5 Velocity and Temperature Effects

To define the separate effects of velocity and temperature on the
acoustic properties, the differences in overall power, AOAFWL*p, are considered
first. Figures 5-33a, b, and c illustrate the change in AAPWL, with jet
velocity, for a range of spacings, with jet temperature as a parameter. The
numbers adjacent to the data points indicate the jet exit total temperature
in 0 R. At the middle and largest spacings (Figures 5-33b and c), AOAPWL ,
increases with velocity until the velocity becomes supercritical.

The effects of temperature on A0APWL , are less clear than the effects
of velocity. For all spacings (Figures 5-33a, b, and c), the point of max-
imum AOAPWL, occurs near the sonic point. This indicates that maximum noise
reduction is obtained at the highest velocity and temperature, provided that
the jet plume is shock free.

The power spectra of the twin-round jets exhibit interaction noise gen-
eration, mixing suppression, and acoustic shielding. At certain test con-
ditions, all three are seen to occur simultaneously (in different parts of

the spectrum). The discussion of this data first considers the low velocity
(1000 f ps) case, with jet spacing and jet temperature as parameters. A
measure of the amount of interaction noise generation of the twin jets (with
respect to the sum of two isolated single round jets) is found by comparing
the twin-jet 4,-90* data to the single + 3 dB data (solid line), as shown on

.1 Figures 5-34 through 5-39. If the twin-Jet (0, - 90*) data are above the

single + 3 dB data, then there must be additional noise generated by the44
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interaction of the two jets. If the twin data are below the single + 3 dB
data, then there is a noise suppression caused by the interaction of the
twin round jets. At the closest spacing ratio, s/d = 1.33 (Figure 5-34a),
noise generation occurs only at high frequencies for jet temperatures of
12000 R and below. For higher temperatures noise generation occurs through-
out the spectrum. As jet spacing is increased to s/d =5, see Figures (5-34b
and c), the noise generation is reduced until it exists only over a small
frequency range near the peak frequency. Interaction noise generation is
significant only at the close spacing, but acoustic shielding is shown at all
conditions. Interpretation of what constitutes shielding is complicated by
the presence of the interaction noise, which is clearly identified only in
the ~=90* plane. Since interaction noise at 'p 00 can be shielded by the
adjacent jet, the level of acoustic shielding shall be defined as the differ-
ence between the twin round jet acoustic power spectra (APWLp) at IP=900
and at ip=00. The interaction noise generation in some cases also has a
directivity such that more than a 3 dB difference between the twin round jet
noise in the * - 9Q0 and the *p = 00 planes occurs. This is seen at a jet
temperature of 19040 R on Figure 5-34a. Note that while the maximum value of
APWLp is not a strong function of spacing, the frequency of the onset of
shielding is. As the spacing increases, the frequency at which shielding
starts decreases. This observation on the frequency of the onset of shielding
is discussed in Section 5.3.2.6. There is no evidence of significant mixing
suppression at any of the jet spacing ratios at the low 1000 fps velocity
conditions (Figures 5-34a, b, and c).

When the temperature is held constant at TT =12000 R and the jet veloc-
ity is raised to 1500 fps and above (as shown on Figures 5-35a and 5-35b) the
interaction noise (seen at Vj = 1000 fps) disappears. For these high velocity
conditions, mixing suppression now becomes noticeable in the low to middle
frequencies. The acoustic shielding exhibits the same frequency-spacing
effect as seen on Figures 5-34a. b, and c, with the exception of the super-
critical case with the closest spacing (Figure 5-35a). For these closely
spaced twin jets, supercritical flow conditions result in two affects. The
first is the appearance of shock-associated noise in the power spectra.
Second, the expansion of the jets immediately downstream of the nozzle exit
planes tends to cause the jet plumes to merge prematurely and inhibit the
shielding.

V At a higher temperature (17000 R), the s/d = 1.33 data (Figures 5-36a
and 5-36b) exhibit the most complicated behavior, with interaction noise
appearing at all velocities except at the supercritical conditions. This

) interaction noise decreases as the jet spacing is increased, as shown on
Figures 5-37a, 5-37b, 5-38a, and 5-38b. At the intermediate spacing (Fig-
ure 3-37b), some slight noise generation at middle and high frequencies is
evident, as well as suppression at the low frequencies. For the largest

spacing, s/d =5 (Figures 5-38a, 5-38b, 5-39a, and 5-39b), very little sup-
pression is noted and the interaction noise is concentrated near the peak
frequency. Also, for the s/d = 5 case, further heating of the jets to
TT - 19000 R (shown on Figures 5-39a and 5-39b) produces a slight reduction
in the levels of APWL*p, at the lower velocities, when compared to the 17000 R
data. This was also seen in the A0APWL p comparisons on Figure 5-34c and
discussed earlier.
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In general, it seems that the very complicated interaction of tempera-
ture and velocity on the observed AOAPWLp at s/d = 1.33 (Figure 5-33a) is due

to the presence of interaction noise generation and acoustic shielding in

roughly equal amounts, as evidenced by the APWLp results shown on Figures

5-34a, 5-35a, 5-36a, and 5-36b. As the spacing is increased, the trends are

less obscure, and at s/d = 2.67 a large reduction in noise generation is seen,

along with a relatively constant amount of acoustic shielding. At the largest

spacing, s/d = 5, the acoustic shielding is the only dominant affect, with
very little noise generation and no mixing suppression. This dominance of
shielding effects provides a relatively simple variation of AOAPWL* with

velocity and temperature, in accordance with the predictions of acoustic

shielding theory(17,35 ).

5.3.2.6 Nozzle Separation and Shielded Frequen.y

To further clarify the effect of nozzle separation s/d on. the far-field
noise, the difference power spectra (6PWL ) between the loud and the quiet
plane of the twin round jets is shown on Figure 5-40. Two conclusions can
be drawn from Figure 5-40. First, the onset of shielding begins at lower
frequencies for the larger spacings. Second, the shielding quickly reaches
a maximum value that is not strongly dependent on the nozzle spacing. This
behavior is believed to be due to the layer of slow moving, cooler air that
exists between the two jet plumes. In the quiet plane, the acoustic waves
from the far jet have to traverse this layered flow and temperature field,
causing reflection of the incident waves by the velocity and temperature
mismatches. As the jet nozzle spacing is increased, the downstream extent
of the layer increases. This downstream extension of the intermediate layer
with nozzle spacing then reduces the frequency of onset of shieldiaig shown in
Figure 5-40. Another interesting aspect of this phenomenon is the effect of
the angle to the jet axis on the difference in sound pressure spectra at ony
fixed nozzle spacing. Figure 5-41 shows that the ASPL, is larger at the
shallow angles to the jet axis and that the onset of shielding starts at
lower frequencies at shallow angles. To quantify the variation of shielding
with frcqut y and nozzle spacing, the identification of the lowest frequency
fm at which the 1,SPI.p equals 3 dB is defined. The variation of the shield-
ing frequency f0 with separation distance, as determined from information
such as that on Figure 5-41 shown on Figure 5-49. Note that the angle at
which fr occurs varies with s/d and with the operating conditions.

The rather good data collapse of Figure 5-42 confirms Lhat the parameter

fm is largely dependent on the geometry of the flow field, and is seen to be
only weakly effected by the jet temperature and velocity, for subsonic flows.
[ie ongle t) ,- jet axis, 00, at which ASPLp equals 3 dB is not specified on
Figure 5-42 but this shielding angle does increase with frequency, as can be
seen on Filure 5-43. The results of Figure 5-43 show that the cone of shield-
ing, defined by the half angle 00, encompasses more of the radiation field at
the higher frequencies. The effect of increased spacing is to extend the
onset of this shielded region to lower frequencies.
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To quantify this effect of spacing on the shielded frequency and angle,
a simplified analytical model of the situation has been formulated. A dia-
gram defining the terms and geometry is shown in Figure 5-44.

Several assumptions are necessary to carry out the analysis of this
shielding effect. First,, the far jet is assumed to be made up of station-
ary, discrete, single-frequency radiators arranged on the jet axis such that
the radiation frequency decreases with distance from the nozzle exit plane.
It is possible to use a more realistic model of the jet noise radiation
wherein the amplitude of a given frequency is assumed to be a distributed
function which is peaked at a given axial location. However, this distrib-
uted model would unduly complicate the problem, and for the present purpose
is not considered warranted. Second, the near jet will be assumed to be
locally parallel and to be of uniform temperature and velocity profile. The
jet temperature and velocity will, however, change with axial distance.
With these assumptions, an analysis by Yeh(1O 2) of the acoustic transmission
through a layered temperature and velocity field can be applied. Consider
the acoustic ray which has been emitted from the far jet and is impinging on
the near jet. Figure 5-45 illustrates the problem.

-.0



44

00

II ""I'

0",

-'I w

' bb

I F-

4

cIcn

4-)

41°

J4

S..

460

.. .. . ill
"J 

" " ,

2 .... ... .. . . .1 11 11 II .. II .. . .. .. III II .. .. .. . . .. ..



a'.-

0

.C

o0

0

ri

1-

00

P4

461 " '

L ..... ...... .



Yeh's result considered a more complicated case, but for the situation
here the amplitude of the transmitted wave ITI can be reduced to;

2 l 2 r 2 -1/2

ITI  cos 2 1  2 sin2 1/ (365)

where

2 ir Cf sin 8j. (366)

ei = cos 1  C - Cos en (367)
C- V Cos 0

and

rI = r2
1 . sin 2 a /sin 2 0. (368)

r 2 J n'

This result is identical to an earlier result by Rayleigh(1 0 3) with the
exception of the Vj term in the expression for ej [equation (367)]. Rayleigh
solved the problem of acoustic transmission through a thermal discontinuity
in a still medium. A more convenient form of relation I is,

~ 2

ITI 1 + r 2 2 -1/22 -l1 sin2 ¢i (369)
2 1

The inner bracketed term is independent of frequency, and its parameter
dependence is

'' 2r1 +r 2
1 2 - 1 = g(Cj, C0 , Vj and 6n).

2 jo i n)

The extremes of the variation of sin2 i with Pl are between 0 and I with
nodal points at i= nn. When *1 - (n + 1/2)n, sin2 i1 = 1 and the fre-
quency is such that minimum transmission occurs and ITT is given by,

TI nl 2 (370)

'~'l 2
'ii

The value of ITi at maximum transmission is unity so the frequency depen-
dence has the effect of changing the value of ITI from 2/r, + r2 to unity
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every time the frequency causes 1 to go from (n+1/2)7 to nn. Figure 5-46
illustrates the nature of the change in ITI at 1 = (n + 1/2)w with incidence
angle On There is practically complete transmission up to the critical angle,
Oct occurs when the angle 0j becomes parallel to the jet direction, Bj - 0.
Then

Cj cos ec = C - Vj cos 0c (371)

or
Co

cos 0 0 (372)c Cj + Vj

Yeh's results indicate that the transmission properties of the moving
nonturbulent layer can be approximated quite well by a step function from
unity to zero at the critical angle ec. The layer thickness t determines
the frequency difference between the nodes and antinodes, and, having only
a small effect, can be neglected. The near jet can now be considered as a
shield that only allows passage of acoustic rays with an incidence angle On
greater than the critical angle, Oc . The ciritcal angle depends on the local
velocity Vj and speed of sound Cj, which are varying with axial distance.
Since the transmission properties did not greatly depend on the layer thick-
ness, the values of the centerline velocity and temperature were used to pre-
dict the variation of 0c [equation (372)] with axial distance Xf, as shown on
Figure 5-47. The velocities used here were measured by Wang(98 ) in a com-
panion investigation, and the centerline temperature difference from ambient
was assumed to scale as the square of the centerline velocity.

To demonstrate the utility of this analysis, two features that were
exhibited by the data on Figures 5-40 and 5-41 are examined. The first
feature, shown on Figure 5-40, is that shielding exhibits a rather sharp
"cut-on" with frequency, and this "cut-on" frequency increases as the nozzle
spacing decreases. The second feature, shown on Figure 5-41, is that, for
a given nozzle spacing, the shielded zone becomes wider as frequency in-
creases. An additional aspect seen in Figure 5-40 is the relative indepen-
dence from frequency effects exhibited by APWLI above the "cut-on" frequency.
This particular effect is expected, but the presence of interaction noise
in the * - 90@ plane is apparently causing APWL to reach values above 3 dB.
The first two observations can be explained if one accepts the premise that
the higher frequency sources reside closer to the nozzle exit and, therefore,
are subject to more effective shielding by the near jet. To further bring
out this latter observation, the observed angle of shielding 00 versus fre-
quency shown in Figure 5-43 can be used to calculate the far jet angle of
shielding, en, and the intersection point Xn, by assuming an axial location
of source frequencies, f. Referring to Figure 5-44, the necessary relations
are:

A R sin 0
0

tan 0= (373)n Rcos 0 -X
.40 f
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and

6 tan- X (374)
n f

The source frequencies, f, were assumed to be distributed as,

f =f0(X/Xa

with a = 1 for x/d < 7 and 6 = 2 for x/d > 7.

If the location of source frequencies is reasonably accurate, then it
would be expected that the data should collapse on a anversus Xn plot, pro-
vided that the two jets have not coalesced. Negative departure of the data
from the aggregate can be used as an indicator of jet coalescence. As seen
on Figure 5-47, the data indeed does collapse rather well and is in reason-
able agreement with the critical shielding angle, Oc' as predicted by equa-
tion (372). Complete agreement is not expected, as this analysis did not
consider the effects of turbulence on the critical angle. The effect of the

*turbulence is to cause a statistical variation of the incidence angle between
the acoustic wave and the local turbulent eddy. Norum(97) found that this
turbulence effect caused a smoothing of the sharp drop of ITI with incidence
angle (as seen on Figure 5-46) such that ITI does not reach unity above ec.
This explains why the far-field data paints on Figure 5-47 are showing shield-
ing effects at angles above those corresponding to the critical incidence
angle. Perhaps the most important result of this analysis and comparison is
the confirmation of the proposed shielding mechanism from the observation
that the points of negative departure from the collapsed data are occurring
further downstream with increased separation distance. This trend is exhib-
ited on Figure 5-48 and can be reasonably represented by a linear increase
with nozzle separation distance.

5.3.3 Summary

At the beginning of this section, it is stated that the reasons for
investigating the noise properties of twin-jets was the capability for sep-
arately defining the effects of acoustic shielding and turbulent mixing. In
this regard, these experiments have been very succesful. It has been found
by using a wide range of nozzle spacings that the turbulent mixing effect
(both interaction noise generation and mixing suppression) occur for the

closely spaced nozzles. While acoustic shielding occurs at all nozzle'4 spacings, it is more significant at the wide nozzle spacings. An important
result of this investigation is the establishment of the level of suppression
that is possible when an adjacent jet is used as an acoustic shield. These
suppression levels are sufficient to cause a nearly complete masking of the

V jet noise by an adjacent jet interposed between the source and the receiver.
The properties of the observed acoustic shielding were also found to follow
the trends of the theories of Mani(1 7) and BalsaJ35). In particular, for a
given spacing, the shielding increased as the observer approached the jet
axis, increased with frequency, and was dependent on jet velocity and temper-
ature.
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A rather unexpected effect was the strong dependence of the acoustic
shielding on the nozzle spacing. Data available at the start of the pro-
gram gave indications that only small variations of overall power (on the
order of 1 to 2 dB) would occur, and these would be concentrated at very
low nozzle spacings. While this conclusion is valid at low velocities with
unheated flow, it was found, as a result of this program, that very signifi-
cant differences occur in different azimuthal planes; and additionally, at
high temperatures and velocities, the overall power shows significant varia-
tions. In a quantitative sense, the measured difference in the total
acoustic power, as measured in two orthogonal azimuthal planes, at high
velocity and temeprature is found to be as high as 4.5 dB. These large
azimuthal differences have been found to be due to the layer of cooler,
slower moving air that exists between the two jet plumes. Acoustic waves
propagating in the plane of the nozzles are forced to traverse velocity and
temperature profiles that cause refraction and reflection of the acoustic

energy. For close nozzle spacing, this inter-nozzle layer extends only aI

short distance and therefore only a small shielding effect is seen. As the
nozzle spacing is increased, the inter-nozzle layer extends downstream, and
the shielding effect increases. This observation is confirmed by estimating
the frequency at which the shielding becomes significant, and comparing that
frequency to the nozzle spacing. The result shows a definite lowering of
the frequency of the onset of shielding with increased nozzle spacing. This
would be expected from the proposed mechanism; that is, as the nozzle spacing
increases, the inter-nozzle shielding layer extends further downstream and
shields the lower-frequency jet noise sources that exist in the downstream
portion of the plume.

Two observed aspects of this proposed acoustic shielding mechanism have
been confirmed with the aid of a simplified theoretical model. The first
feature is that once shielding is achieved it is rather independent of fre-
quency; and second, the angle of the onset of shielding widens for the higher
frequencies.

Increasing the jet velocity, at all nozzle spacings except the closest,
was found to increase the acoustic shielding for subsonic conditions. How-
ever, increases in jet velocity above the critical value cause a slight
decrease in shielding, apparently because of the jet supersonic expansion
downstream of the nozzle exit plane. Variations in the jet temperature do

not produce as significant acoustic effects as do variations in jet velocity.
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5.4 TWIN RECTANGULAR JET NOISE

Twin rectangular jet noise experiments were conducted concurrently with
the twin round tests described in Section 5.3. Rectangular nozzles with a 6
to 1 aspect ratio and with a flow area equal to that of the round nozzles
were used. The hardware, shown in Figure 5-49, allowed both variable spacing
and angular orientation. Lip thickness of the nozzles, as seen in Figure
5-49, was reduced to a knife edge part way through the tests with no
observable effect on the data. The test methods, range of conditions, and
test apparatus were the same as described in Section 5.2.1.

5.4.1 Experimental Results and Discussion

5.4.1.1 Overall Acoustic Power

As in the twin round jet t -sts discussed in Section 5.3, the principal
method of clarifying the roles of turbulent mixing and acoustic shielding in
twin rectangular jets is to use variable nozzle spacing in the experiments.
At large spacings, the turbulent mixing effects are minimal, and the acoustic
shielding effects dominate. Conversely, at close spacings, the turbulent
mixing effects are enhanced and, as is explained later, the acoustic shielding
is minimized. The twin rectangular jet data is somewhat more complicated to
analyze due to the azimuthal asymmetry of the single rectangular nozzle, as
described in Section 5.2. In the measurement plane containing the nozzle
centerlines ('P = 00), the acoustic shielding by the adjacent jet will be the
greatest, while in the plane perpendicular to the plane containing the nozzle
centerlines ('P = 900), only the self-shielding of the individual nozzles
should be evident.

The shielding by the adjacent jet is shown in Figures 5-50 and 5-51,
where the quiet plane ('P = 00) overall acoustic power level, OAPWL, is
consistently less (except for very close spacings) than the sum of two
independent jets (single jet + 3dB) at 'P=00.

As the spacing s is increased, the measured OAFWL in the quiet plane
decreases until s/t exceeds eight. Above this value, the OAPWL in the quiet
plane is rather insensitive to further spacing increases. Some exceptions to
this general behavior do occur at the closest spacing where an entrainment-
induced flapping mode and/or vortex-shedding mechanism creates a large tone
in the quiet plane. This added noise raises the "quiet" plane (P 00) level
well above the loud plane, as shown in Figures 5-50 and 5-51.

fl There are only slight azimuthal differences (seen in Figures 5-50 and
5-51) in the unheated, low-velocity points. By raising the temperature, and

A hence the velocity, at a constant jet Mach number, these differences become
larger, as does the asymmetry of the radiation patterns. This trend supports
the acoustic shielding arguments.
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5.4.1.2 Azimuthal Divectivity
The effect of nozzle spacing on the change in OAPWL ~pas measured in

different azimuthal planes is shown in Figure 5-52. The effect can be visu-
alized as the near jet casting an "acoustic shadow." At close spacing (sit
4.9), the shadow is broad; as the spacing is increased, the shadow becomes
smaller. Increases in spacing beyond a certain point cause a narrowing of
the shadow without any further increase in the OAPWL difference.

5.4.1.3 Polar Directivity

(17) (35)
Shielding theory, as described by Mani and Balsa ,predicts an

increasing reduction in the sound radiation of embedded sources as the
observer approaches the jet axis; this is due to the long propagation path
through the jet flow at shallow angles. Likewise, it would be expected that
the radiation of nonembedded sources, such as those from an adjacent jet
which traverse an adjacent jet, would suffer a similar reduction as the
observer approaches the jet axis. Figure 5-53 illustrates this effect clearly,
showing an increasing reduction in the twin jet "quiet" plane C(P = Qa) noise
relative to the noise of two isolated jets (at i~=00), as the jet axis is
approached.

The comparison (Figure 5-53) of the single + 3 dB results in the 9 =

plane to the twin jet data results in the 900 plane shows that the inter-
action of the twin jets produces additional noise over most of the emission
angles. The asymmetry of the single rectangular jet noise field is also
evident in Figure 5-53, as discussed in Section 5.2.

5.4.1.4 Spectral Effects

It is of interest to evaluate which part of the jet noise spectrum is
primarily responsible for the asymmetries of the overall measurements just
examined. The shielding theories of Mani and Balsa indicate that the shield-
ing effects become pronounced at high frequency. The shielding of the far
jet by the near jet can be seen in Figure 5-54. The presence of mixing

V suppression can be determined by comparing twin jet data with the single + 3 dB
data in the * = 9Q0 plane. At low frequencies (Figure 5-54), a small amount
of mixing suppression can be noted. For nearly identical flow conditions and
the sane nozzle spacing (s = 4 in.), the twin round jet configuration exhibits
a larger shielding effect at *~ = 00 (Figure 5-31). Part of this is due to
the self-shielding of the rectangular jets which at high frequency counter-
balances the adjacent jet shielding effect.

The sound pressure spectra, SPL, for the twin rectangular nozzles at
0 = 30%, 600, and 900 are shown in Figures 5-55a, 5-55b, and 5-55c. The
trends are consistent with OASPL and PWL results, with the shallow-angle,
high frequency data showing the largest amounts of shielding. This high
frequency acoustic shielding is measured by the difference between the single
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+ 3 dB and twin-jet data at t = 0* , and is seen to increase as the angle to

the jet axis decreases. Both mixing suppression and interaction noise genera-
tion appear at e = 30*, while interaction noise only shows up at 0 = 600 and
90*. Interaction noise occurs when the twin-jet noise level is higher than

the single + 3 dB level in the ' = 900 plane.

5.4.1.5 Velocity and Temperature Effects

5.4.1.5.1 Overall Power

The variation of AOAPWLp for the twin rectangular jets, as seen in
Figure 5-56, correlates well with jet nozzle Mach number, Mj, for a variety
of jet temperatures. This is unlike the twin round case, where jet velocity
provides a better data collapse. For both nozzle spacings, the general trend
of the AOAPWL data (within experimental error) shows a moderate increase
with Mach number until Mj exceeds unity, and then shows a rather sharp decrease.
This decrease is more pronounced at the closer spacing (s/t = 4.86). In
general, the level of AOAPWLp for the large spacing (s/t = 13.89) is about
0.5 dB higher than the closely spaced jets. Again (as with the twin round
jets) the decrease in AOAPWLp above Mj = 1 is apparently due to the presence
of the underexpanded shock structure immediate'y downstream of the jet exit
planes. The effect of jet temperature is smali, and seems to have a signifi-
cant effect only above the sonic point. This holds only for heated jets,
since the unheated data show very little azimuthal effects.

The twin rectangular jet noise data interpretation is complicated by the
asymmetry of the single rectangular jet noise (described in Section 5.2).
Due to this azimuthal asymmetry, it is necessary to evaluate the difference
between the sum of two isolated single rectangular jets at a = 00 and the
twin rectangular jet at 4 = 0' (AOAPWL0 ) rather than to find the difference
between the loud (p = 90*) and quiet (P = 0) planes of the twin jet, as was
done in Figures 5-56a and 5-56b. The parameter AOAPWL0 was determined from
data which were taken weeks apart in time, and therefore contain somewhat
larger experimental variance than the AOAPWLp data. Due to this unavoidable
variance, only limited data are shown in Figure 5-57, (data sets that were not
closely matched in temperature and velocity were eliminated). As in the
AOAPWLp comparisons, the most consistent feature of this data is the decrease
in AOAPWL0 with Mach number when the flow is supercritical (MJ>l). This is
also observed on some of the twin round jet data (Section 5.3), particularly
at the higher temperatures.

5.4.1.5.2 Power Spectra

An example of the complications resulting from the asymmetry of the
Vi single rectangular jet noise field can be seen in Figure 5-54, where twin-

rectangular jet noise and the single + 3 dB noise are compared at both =0
and p = 900

. At 0 = 0, acoustic shielding is seen to occur over the middle
to high frequencies. In order to draw conclusions about the i 900 plane,
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the twin rectangular data must be compared to the single rectangular data as
measured in the 'p = 900 plane. Since the twin data are below the single data
at low frequencies and above at middle and high frequencies, it is con-
cluded that a slight amount of suppression occurs at low frequencies, and a
significant amount of interaction noise generation occurs at middle to high
frequencies.

The reduction of noise emission in the 'p=900 plane due to self-shielding
causes the noise in the 'p = 9Q0 plane to decrease faster with frequency than
in the 'p = 00 plane. In some cases (at low velocity and high temperature)
the 'p = 90 twin rectangular jet noise crosses over and is lower than the
'p = 0* data at high frequencies. This cross-over can be seen in Figure 5-58.
The cross-over generally occurs at lower frequencies, at least at the larger
spacing, as shown in Figures 5-59 through 5-61. A shift of the APWLp spectrum
to lower frequencies with increased spacing is evident throughout the range
of velocities and temperatures investigated; an example of which is shown in
Figure 5-62.

At low frequencies (below the frequency of peak intensity) the azimuthal
asymmetry of the single rectangular jet noise is sufficiently small that
data taken in the 'p = 00 plane can be used to determine the mixing suppres-
sion of the twin rectangular jets seen in the 'p=90' plane. Using this
approximation, significant amounts of low frequency suppression are observed
at the smaller spacing (s/t =4.86) as velocity is increased (Figures 5-59,
5-60a, and 5-61a). This suppression is not found with the larger spacing
(s/t = 13.9), as would be expected (see Figures 5-60b and 5-61b). For this
large spacing, a low- to middle-frequency interaction noise peak appears at
high temperatures and velocities. This emergence of the interaction noise
peak then causes a double peak in the 'p = 900 data for the large spacing
(Figures 5-60b and 5-61b). The higher frequency peak is coincident with peaks
seen in the 'p=0* measurements of both the twin and single rectangular jets.
The lower frequency peak (dominant at the lower velocities), maintains its
spectral location over a wide range of velocities and pressures (see Figures
5-58b9 5-60b, and 5-61b). This low frequency peak may be due to the coalescence
of the two jets at lower velocity levels for the large spacing. This low-
frequency peak also shows up at an intermediate spacing, s/t = 7.4 (Figure
5-55a), but only at shallow angles to the jet axis.

5.4.1.6 Nozzle Separation and Shielded Frequency

Due to the asymmetry of the single rectangular jet noise radiation
patterns (Section 5.2), it is difficult to carry out the type of data analysis
conducted for the twin round nozzle jet noise. The twin rectangular jet
noise data does, however, exhibit similar trends, as shown in Figure 5-62.
The difference power spectra again exhibits a trend toward lower frequency
emergence with increasing separation distance. For this comparison to be
exact, the twin-jet data in the quiet plane 'p = 0* must be compared to the
single-jet data in the quiet plane. This difference spectrum, APWL0, however,
compares data taken days to weeks apart, and therefore has much more scatter
than the APWLp data taken only minutes apart. This increased scatter can be
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seen on the ASPL 0 comparison shown in Figure 5-63. At high frequencies, the
data trends exhibited by the twin rectangular jet in Figure 5-63 are in good
agreement with those of the twin round jet data in Figure 5-41.
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5.5 LINEAR ARRAY MULTITUBE JET NOISE

The acoustic characteristics of three 5-tube linear array nozzles were
measured in the CR&DC jet noise facility using the facility measurement
systems and data acquisition equipment described in Section 3.1. The purpose
of these tests was to exLend the twin-jet results of Section 5.3 to multitube
configurations. A linear array of 5 round tubes (d = 0.875 inch diameter)
was selected as the simplest configuration which would involve multielement
interaction effects. This configuration also has application to multiengine
aircraft installation systems. Tube spacing-to-diameter ratios of s/d - 1.5,
2.0, and 3.0 were selected for evaluation.

5.5.1 Overall Acoustic Power

The overall acoustic power of a five-jet linear array at various spacings is
compared to an equivalent area single round jet in Figure 5-64. Hidden in
this total power is the azimuthal variation of acoustic power. To illustrate
the azimuthal dependence of the acoustic power, two azimuthal planes, one in
line with the tube row (' = 90°), and another perpendicular to it ( = 0*),
are examined. These measurement planes provide a means of assessing the
relative contributions of acoustic shielding, mixing suppression, and inter-
action noise. The amount of acoustic shielding is evaluated from the reduc-
tion in the "quiet plane" (' = 900) noise level relative to an equivalent
area round jet. Mixing suppression is measured by the amount of reduction in
the "loud plane" ( = 00) relative to an equivalent area round jet. Inter-
action noise is determined from the increase in "loud plane" noise. Figurp
5-65 shows little or no attenuation on an overall power basis. Acoustic
shielding increases with tube spacing. Interaction noise appears in the loud
plane ( = 00), but as seen in Figure 5-65, the azimuthal average is within
±2dB of the sum of five isolated round jets.

This excess noise increases with tube spacing, which, when combined with
the shielding in the ' = 00 plane, results in rather large differences in the
overall power from ' = 0* to ' = 900. In some cases these differences (up to
10 dB) exceed the maximum difference possible based only on perfect shielding
(7 dB). This is because excess noise appears in the ' P 00 plane.

This power difference between ' = 00 and 0 = 900, AOAPWL', is shown on
Figure 5-66. In this figure, the effect of jet velocity, Vj, and jet tempera-
ture, Tj, are shown for a fixed jet spacing. On Figure 5-66a, the variation
with jet temperature at high velocity indicates that as the jet Mach number
increases above the critical, the noise field becomes more axisymmetric.
Figures 5-66b and 5-66c show that the AOAPWL is maximum near the sonic
point; the only effect of temperature is to vary the jet sonic velocity.
This maximum may be associated with the downstream supersonic expansion of
the jets, which restricts the amount of ambient air separating them. The
ambient air separating the individual jets provides an effective acoustic
shield. The difference between the power (AOAPWLo) of an equivalent area
round jet and that measured in the "quiet" ('P = 90*), plane of the linear
array exhibits a slightly different trend, as seen on Figure 5-67. At/
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the lowest nozzle spacing, s/d = 1.5, the maximum near the sonic point
does not occur for the highest temperature; and at s/d = 2, the general trend
is a gradual increase in AOAPWLo with jet velocity. Only at the largest
spacing, s/d = 3, does the pattern seen for AOAPWLp repeat for AOAPWLo.
The principal difference between AOAPWLp and AOAPWLo is the excess noise
that appears in the = 0' plane. The major portion of this excess noise in
the 4 = 0' plane is probably noise reflected out of the (P = 900) plane,
which would be expected to peak at conditions of maximum interjet shielding.
This is approximately what is observed in the difference between the AOAPWLp
and AOAPWLo trends.

5.5.2 Azimuthal and Polar Directivity

The extent of the azimuthal asymmetry can be seen in Figure 5-68, where
the SPL at the peak angle and frequency is seen to vary by as much as 13 dB
with azimuthal angle, y; it is also strongly dependent on spacing ratio,
s/d. Since this level of asymmetry is greater than perfect shielding would
predict, a portion of this asymmetry may be due to excess noise appearing in
the q, = 00 plane. Referring to Figure 5-65b, it can be seen (for the condi-
tions of Figure 5-68) that there is a redistribution of acoustic energy such
that the azimuthally averaged power is almost identical to that of five
isolated single jets. Sinace, for most of these cases, the azimuthally
averaged overall power rarely exceeds that of five isolated jets, it is
conjectured that the excess noise seen in the p = 00 plane is energy re-
directed by the jets originally propagating in the = 0' plane. Due to the
transmission through the jet flow, the incident energy is refracted or
scattered to other azimuthal angles.

If shielding is the goveraing phenomenon, one expects to see a minimum
value of asymmetry occur at 1 = 90' when the jet flow is unheated. The
asymmetry should vanish at H= 90'. Due to turbulence, however, the
velocity vector can vary from the axial direction, causing some acoustic
shielding to occur for unheated flows at Oj = 900. The observed azimuthal
.|symmetrv in OASPL essentially vanishes at 9j = 900, as shown in Figure 5-69,
i l.,It in, t hat these turbulence effects are negligible. The asymmetry is
seen to peak in the shallow angles, as expected from the shielding theory.
i or a heated jet, however, acoustic shielding occurs at Oj = 900, as shown
in Figure 5-70.

5.5.3 Power and Pressure Spectra

The power spectra results shown in Figure 5-70 indicate that the maximum
re-duction in noise in the = 900 plane and the maximum excess noise in the

= o' plane both occur at high frequency. This observation supports the
Conjecture that the excess energy found in the ly = 0' plane is due primarily
to refraction and scattering of the incident acoustic energy by the jets in
tie , = 90' plane. Examination of the sound pressure spectra shown in

Figure 5-71 reveals that the noise in the = 00 plane exceeds the (single
+7 dB) results only at the shallow angles, while the noise reduction in the

= 90' plane cccurs at all three angles.
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For the smallest jet spacing, s/d =1.5, low frequency excess noise is
observed (which may be due to a mixing phenomenon), as shown in Figure 5-
72a. This does not occur at the larger spacings (Figures 5-72b and 5-72c).
Additional power spectra are shown in Figure 5-73, which show the effects of
spacing at two jet velocities. Comparisons of the SPL spectra at 'P -O0 and
p = 90 for Oj = 300, 600, and 90* (as shown in Figure 5-74) indicate that
this low frequency excess noise is asymmetric.

5.5.4 Summary

The principal feature of multijet linear arrays is the very large
azimuthal directivity. Acoustic shieldings of the quiet plane (0P = 900),
and excess noise appearing in the loud plane (0P = 0*) are responsible for
this feature. Some interchange of energy between the two planes takes
place, since, for most of the data, the azimuthally averaged results are
nearly identical to the single +7dB results, indicating a rough conservation
of acoustic energy. A low frequency excess energy is also observed at
shallow angles to the jet axis, with the closest nozzle spacing. This
excess noise is thought to be due to a mixing phenomenon.
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5.6 CIRCULAR ARRAY MULTITUBE JET NOISE

The acoustic characteristics of several six- and seven-tube cluster,
circular-array nozzles were measured in the CR&DC jet noise facility. The
purpose of these tests was to experimentally study the mixing/interference
and acoustic shielding mechanisms and their effect on multielement nozzle jet
noise. A hexagonal ring of six round tubes (d =0.875 inch diameter), with
and without a center tube, was selected for study. Denoting D as the diameter
of the circle intersecting the centerlines of each of the tubes in the ring,
spacing ratios D/d of 3.0, 4.0, and 6.0 were investigated. The following
paragraphs summarize the important experimental results obtained from this
investigation.

5.6.1 Overall Acoustic Power

When either six-tube or seven-tube clusters are compared to a single jet
on an equal area basis, a net reduction in overall acoustic power level
(OAPWL) is observed. The amount of this reduction depends on the area ratio
(tube spacing), and Increases with jet velocity as shown in Figures 5-75,
5-76, and 5-77. The total power level approaches the sum of the isolated
jets as tube spacing increases, and the maximum suppression (at high velocity)
is reduced from about 4 dB for the smallest cluster to about 2 dB for the
largest cluster.

The effect of heating (density ratio) is normalized out ~n Fi gures 5-75
through 5-77 through the use of the method of Hoch, et al. I 1 1 as developed
for single round jets. The density exponent, w, was also found directly
(similar to Hoch, et al.) by plotting overall power versus density ratio at a
fixed velocity ratio, Vj/a 0. This result is shown on Figure 5-78, where the
results of this study are compared to Hoch's result. As the cluster spacing
becomes smaller, the density exponent w exhibits a less rapid rise with
velocity ratio. This indic-ates that the smaller clusters produce more noise
at high temperatures and low velocities than do the large clusters. There-
fore at a moderately high fixed velocity, the noise reduction afforded by
reducing jet density, through heating for instance, is less with a highly
packed cluster than with an open one.

At a fixed jet temperature, the velocity exponent can be determined in a
similar manner to the density exponent, and the results (Figure 5-79)
show that the large spacing cluster behaves much like the elemental single
jet. Again, the small spacing cluster shows the lowest velocity exponent.
These trends of velocity exponent are also reflected by the dependence on D/d
shown on Figures 5-80, 5-81, and 5-82 where the power levels increase with

D/d for all but the lowest jet velocities.

5.6.2 Directivity

Azimuthal directivity effects for all the clusters are quite small,
'1 particularly at the large spacing, where a nearly axisymmetric noise field is

observed for both the six- and seven-tube clusters (Figures 5-83 and 5-84).
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The medium cluster shows a decreasing power level as the observer's line of
sight approaches a direction defined by diametrically opposite tube center-
lines. This dip occurs for both six- and seven-tube clusters at both sub-
sonic and supersonic conditions, with the effect weakening at the supersonic
conditions. For the smallest spacing, only the six-tube cluster shows any
significant aximuthal dependence, and then only at subsonic conditions.
There is a middle range of tube spacing conditions. There is a middle range
of tube spacing where a small azimuthal dependence is observed but the
spacing is effectively reduced when the flow is underexpanded and the azimuthal
effect weakens. Both of these trends are seen clearly on Figure 5-85 where
a definite peaking of the AOAPWL is seen at D/d = 4, at high subsonic velocity.

The polar OASPL directivities of the two azimuthal angles are compared
on Figure 5-86 using the tube spacing and flow conditions of maximum AOAPWLp.
The individual directivities peak near 6j = 400, and the difference is a
maximum near 0 = 60'. This difference in OASPL at Oj = 60', seen in Figure
5-86, shows up in the SPL spectra near the frequency of peak intensity, as
seen in Figure 5-87, with very little difference at the low frequencies.

5.6.3 Power and Pressure Spectra

The primary variations in power and pressure spectra occur at frequencies
less than the peak intensity frequency. Figures 5-88 through 5-91 show this
by comparing the power spectra of the three clusters (for both six- and
seven-tube versions) to that of the elemental single jet. When compared to
the sum of isolated jets, only the closest tube spacing shows any high
frequency reduction, and only at supersonic conditions (Figures 5-90 and 5-91).
Attenuation does however, occur, at frequencies just below the peak intensity,
and this attenuation increases as the tube spacing becomes smaller. At lower
frequencies (4 to 5 octaves lower than the peak), excess noise generation
occurs, and it increases as the tube spacing decreases. This excess noise is
enhanced with seven tubes and with underexpanded (supersonic) flow. These
characteristics point to an interaction of the individual tube flows that
increases i the cluster becomes more closely packed and as the individual
jet plumes swell due to an underexpanded flow condition. The frequency of
the excess noise is very low, indicating that the excess noise source
location is quite far downstream. As the cluster becomes more closely
pacl ed, tile merging of the individual tube flows occurs earlier, and the
frequency of the excess noise increases, as can be 2en in Figures 5-88
through 5-91. Both the mid frequency attenuation and the low frequency
excess noise peak are greatest at shallow angles to the jet axis (shown in
Figure 5-92 for the six-tube clusters and Figure 5-93 for the seven-tube
clusters). The strongest excess nois generation occurs when attenuation

'A is greatest.

High frequency reduction is evident only with the six- and seven-tube
small cluster at high subsonic and supersonic conditions. An example of this
high frequency suppression is seen at an angle to the jet axes of j= 600
on Figures 5-92b and 5-93b.
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To determine the effect of jet temperature on low frequency noise, the
SPL spectra at Oj = 30' for the small cluster is compared to that of an

equivalent area single round jet. This has been done at several velocities

and jet temperatures on Figures 5-94 and 5-95. In general, the jet temperature

has very little effect. For the case of Vj = 1000 fps (Figures 5-94, 5-95a,
and 5-96a), raising the jet temperature from ambient to 16000 R had remarkably

little effect on the low frequency excess noise. The velocity is clearly the
dominant influence (a steady increase in the amount of excess low frequency

noise occurs with increasing velocity on Figures 5-95 and Figure 5-96d).

5.6.4 Summary

The results of this investigation show that the noise reduction attained

by heating a high velocity flow is reduced as the cluster becomes more compact.

Azimuthal directivity effects were found to be quite small, with the

largest measured difference in OASPL only z 2.5 dB. Azoustic shielding does

not appear to produce very significant effects with six- and seven-tube

circular clusters.

The most dramatic changes occur at frequencies below the peak intensity,

and exhibited a very consistent trend with frequency and with tube spacing.
At low frequencies, the tightly packed clusters produce large amounts of

excess noise. At higher frequencies (still below the peak) significant
attenuation occurred for the most tightly packed clusters. The low frequency

excess noise is also relatively independent of jet temperature, and increases

with jet velocity.
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5.7 LASER VELOCINETER MEASUREMENTS

5.7.1 Calibration of the LV System

The laser velocimeter (LV) system described in Section 3.4 was checked
against well-documented, hot-wire measurements obtained in a Mach 0.3 sub-
sonic jet exhaust. The calibration flow used was a 19.05 mm diameter room
temperature air jet. LV measurements of mean velocity and turbulence inten-
sity in both radial and axial directions were obtained and are shown in
Figures 5-97 and 5-98, respectiv )y The hot-wire measurements obtained in a
similar Mach 0.3 jet by Lawrencetslu4) and Woolridge, et al.(lOS) are included
in these figures for comparison. Very good agreement was obtained between
the LV measurements and the hot-wire data. This calibration test demon-
strated the capability and accuracy of the LV system for jet flow velocity
and turbulence intensity measurement.

5.7.2 Experimenta!l Results on Single Jets

Experimental results were obtained on the mean velocity and longitudinal
turbulence intensity profiles of jet plumes from single round and single rec-
tangular nozzles. Two temperature conditions of the jet flow were tested
(294 and 644K) on each nozzle. A fixed pressure ratio of approximately 1.8
was employed on all tests to obtain a fixed Mach number flow condition for the
comparison of test results. The effects of temperature and nozzle geometry
on jet noise source modification are deduced from the test results.

Due to limitations in the LV system capability at the time of the ex-
periments reported in Section 5.7, no time dependent turbulence measurements
were made during this effort. Nor was two component capability available at
the time of the experiments. Hence longitudinal spectra, scale length and
transverse turbulence measurements were not made.

5.7.2.1 Round Jets

Axial mean velocity and turbulence intensity distributions-along the jet
centerline are shown in Figure 5-99. The reference velocities U0 used in the
figure were 303 and 448 in/sec for stagnation jet temperatures of 294 and
644 K, respectively. The mean velocity profiles from the Jets at the two
temperature conditions appear to be similar (the mean velocity profile shown
in Figure 5-98 from a 19.05 mm diameter nozzle (Mach 0.3 flow) can be shown
to be similar to the profiles in Figure 5-99. The effect of temperature on
mean velocity decay along the jet axis appears insignificant. Similar pro-
files hold for a wide range of subsonic Mach number jet flows. Very similar
profiles were obtained also independent of the temperature of the Jets for
the turbulence intensity distributions. A maximum turbulence intensity of
approximately 16% was obtained 10 nozzle exit diameters downstre M. Similar
observations have been reported by other investigators [LawrenceM(14). The
potential core was found to extend about six nozzle diameters downstream on
the Jet axis (this also agrees with Lawrence).

Radial velocity profiles of the single round jet are shown in Figures 5-
100 through 5-106 at various downstream stations from the nozzle exit.
Similar velocity profiles were obtained for flows at 294 and 644 K temper-
ature conditions. Maximum turbulence intensity occurs at the lip location
(0.5 nozzle diameters radially outward) at two and six nozzle diameters
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downstream. At 10 diameters downstream, the radial location of the maximum
turbulence intensity is shifted toward the center of the jet. The turbulence
intensity is a maximum on the jet axis at 14 diameters downstream where a
fully turbulent flow is developed (as shown in Figure 5-103). The maximum
turbulence intensity at 2, 6, and 10 diameters downstream appears to be
higher in the LV measurements than in the conventional hot-wire measurements.
This may be attributed to the "noise" contained in the LV velocity histogram.
This "noise" was found generally far away from the bulk of the histogram data
on the velocity scale and is believed due to the imperfection of the valida-
tion test in the LV processor. No special data treatment or smoothing tech-
nique was performed on the histograms in the data analysis procedure.

5.7.2.2 Rectangular Jets

The single rectangular jet configuration is shown in Figure 5-104.
Axifl velocity distributions along the jet centerline are shown in Figure 5-
105 . The reference diameter, D, used in this figure and in other data on
the following figures is the equivalent diameter based on the exit area of
the nozzle, i.e., 38.1 amm. ** The mean velocity profile of the hot jet (644
K) appears to decay faster than that of the room temperature jet (294 K).
The leitgth of the potential core of the hot jet is shorter than that of the
room temperature jet based on mean velocity and turbulence intensity pro-
files. A peak turbulence intensity of approximately 147. exists eight equiv-
alent diameters downstream for the hot jet. A more gradual increase in
turbulence inensity with axial distance downstream from the nozzle exit is
observed for the room temperature jet. A peak value of turbulence intensity
of 12% exists along the jet centerline 14 diameters downstream for the room
temperature jet. These observations agree with those from transverse veloc-
ity profiles (to be described next), suggesting that the hot rectangular jet
plume spreads out faster than does the room temperature jet plume.

Transverse velocity profiles of the rectangular Jets are shown in Fig-
ures 5-109 through 5-114. The mean velocity and turbulence intensity data
recorded along both the major (Z) axis and the minor (X) axis at a fixed
downstream location from the jet exit are presented on each figure. The
physical dimensions of the rectangular nozzle with respect to the abscissa
scale are sketched on top of each figure. The velocity profiles of the hot

* jet are more diffused than those of the room temperature jet, at the same

V axial locations (Figures 5-110, 5-111, 5-113, and 5-114). This is most
apparent from the velocity profiles along the minor axis (Z) of the Jets.

As discussed above, unlike the round jet, jet temperature affects the

shape of the rectangular jet plume. Thus, the distribution of noise sources

which are related to the turbulence in the jet flow change as the temperature
of the jet changes. Preliminary data from the acoustic measurements on the
rectangular Jets at the two temperature conditions (Section 5.2) show some
difference in the noise directivity pattern. Noise source modifications due
to temperature may be one of the major causes of this difference.

*The solid and the dashed lines in Figures 5-105 through 5-111 are faired
through the corresponding data groupings.

**The aspect ratio of the rectangular jet is 6:1.
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I Transverse mean velocity and turbulence intensity profiles along the
major and the minor axes for the rectangular jets were found to become simi-
lar far downstream of the nozzle exit, e.g., Y/D = 10 and 14 (Figures 5-108
and 5-109). At Y/D = 14, the velocity profiles from the rectangular jet were
also very similar to those from the round jet at a temperature of 644 K
(Figure 5-103). Therefore, the rectangular jet profile degenerates to that
of a round jet around 10 equvialent diameters downstream of the nozzle.

The distribution of turbulence intensity in the rectangular jet (in the
transverse directions) peaks near the edge of the jet plume, as in the round
jet measurements. The size of the jet can be deduced from the location of
the peak turbulence intensity in the transverse direction. From Figures 5-
106 through 5-111, the physical size of the jet is generally smaller in the
minor-axis direction than in the major axis direction, between the nozzle
exit and 10 diameters downstream.

5.7.3 Experimental Results on Twin Jets

Profiles of the mean velocity and turbulence intensity of twin round and
twin rectangular jet flows measured with the LV system are reported in this

section. For the twin round jet configuration, two separation distances be-
tween jets were tested, i.e., AZ = 5 cm and 12.7 cm, as shown in Figure 5-
112. Most data were taken with flows at 644 K, and a limited number of
profiles were obtained with room temperature jets. For the twin rectangular
jets, the distances between jets were 3.81 cm and 10.48 cm with wide sides
parallel to each other (Figure 5-112). The temperature of the twin rectan-
gular jet tests was also 644 K. A fixed pressure ratio of 1.8 was used for
all twin round and twin rectangular jet tests. The characteristic length
used for twin round jets was the diameter of the jet, and for the twin rectan-
gular jets was the equivalent diameter based on the jet cross sectional area.
Profiles of the single round and single rectangular jets described in Section
5.7.2 are included in the twin jet presentation for comparison.

5.7.3.1 Twin Round Jets

Figure 5-113 shows the axial mean velocity and turbulence intensity pro-
files along one of the twin jet centerlines at 644 K. The profiles of the
twin jets at 12.7 cm separation appear to be very similar to those of a
single round jet. However, both mean velocity and turbulence intensity of
the twin jet at smaller separation distance, i.e., AZ = 5 cm deviate from

those of a single round jet after six jet diameters downstream from the jet
exit. It is logical that less interference occurs if two jets are separated
by a larger distance. Referring to the profiles shown in Figure 5-113, two
jets at 5 cm separation begin to merge at 6 to 8 jet diameters downstream of
the nozzle exit. The twin round jet at 12.7 cm separation still behaves as
two independent round jets, even at 14 jet diameters downstream.

Radial profiles of mean velocity and turbulence intensity along the
vertical axis passing through both jet centerlines are shown in Figures 5-114
through 5-117. The plane of symmetry shown in these figures indicates the

548



1.5-

.- .z

Y 0

00
V 0

00

1. 0
0 * 0

0
0.5 00

0)0 0

0

0 0_

*0 AZ=127c
Single Je

00

}Symmitryefoo ~Z =112.7cc

00

0.2 Plane.o

Plneo Symmetryfo
fo 2. 7 cm

0. -1 1

100 1.02.
Z/D

Figue 5115.R aialVelocity Profiles of the Twin-Round Jets at
Y/D (To 644 K, U 0 448 m/s, D 38.1 mm).

549



1.0

00

0 
i

a

0 0.
CuC

*0 0.

CD C

0 ~ ~ 0 z= 12.7 cm

-Single Jets

0.2
Plane of Symmetry

Q :3

U% S Plane of
CC ISymmetry for

0 1 12.7 cm

0 1 1 1 1 1 al

-1.0 0 1.0 2.0

Z/D

Figure 5-116. Radial Velocity Profiles of the Twin-Round Jets at
Y/D lo1 (To= 644 K, U = 448 m/s, D -38.1 mm).

550



M0

1u
CC

m 00 a)

00 0

00

4) Ln cl

O)

0)4. V____

%) -"

00

0

00 1- w
ol0 . Z0 0

00

-4 -4

0- 0 r

C!

1 ,4

00
0 0 0

*0 0n/fl (B010)A Uuaoi POZTTWAON. l/! n rs> aouatnqjnJ

551



halfway point between the two jets. Measurements in both jet flows were
overlayed with respect to the plane of symmetry in those figures. Based on
the mean velocity profiles shown at 2, 6, 10, and 14 jet diameters down-
stream, the twin jets at 12.7 cm separation closely resemble the behavior of
a single round jet. The twin jet at 5 cm separation deviates from the single
round jet velocity profile at (and after) six jet diameters downstream. The
centerlines of the two jets are shifted outward from each other at both 10
and 14 jet diameters downstream. This is a clear indication of the merging
process between the two jets. No such centerline shift was observed for the
twin jets at 12.7 cm separation.

The turbulence intensity profiles at 2, 6, 10, and 14 jet diameters
downstream for the twin jets are shown as the lower data plot in Figures 5-
114 through 5-117. Again, the profiles for the 12.7 cm separation twin jet
appear to be symmetric about the jet centerlines and resemble the shape of
those from a single round jet. The turbulence intensity profiles for the
5 cm separation twin jet were found skewed, with lower turbulence near the
interface between two jets (plane of symmetry). The turbulence intensities
on the opposite side of the jet centerline (i.e., free jet boundary) are
similar to those of a single round jet. The lower turbulence intensity near
the jet interface region is an evidence of jet noise source reduction. This
skewed turbulence intensity profile observation is further confirmed from
measurements in a room temperature twin jet at 5 cm separation, shown in
Figure 5-118.

5.7.3.2 Twin Rectangular Jets

The axial mean velocity and turbulence intensity distributionk along one
of the twin jet centerlines are shown in Figure 5-119. Profiles of the twin
rectangular Jet at both 3.81 cm and 10.48 cm separations agree closely with
those of a single rectangular jet, and no jet interference is therefore
observed along the jet centerline. Close agreement in the velocity profiles
between the twin jets and a single rectangular jet is also observed along the
major axis of the rectangular jet for both jet separation distances (Figures
5-120 through 5-123). Mean velocity profiles shown in Figures 5-124 through
5-127 were measured along the minor axis of the rectangular jet, through the
plane of symmetry. Again, very similar profiles result for the twin rectan-
gular jets at both separations and for a single rectangular jet. The turbu-
lence intensity profiles shown in Figures 5-120 through 5-123 suggest that
the difference between those of the twin jet and a single rectangular jet are

b also minimal. Thus, the conclusion on the twin rectangular jets tested at
both 3.81 cm and 10.48 cm separations is that each of the twin jets behaves as
an independent free jet. The interaction between jets on the mean velocity
and turbulence intensity appears to be minimal, even at 14 jet equivalent
diameters downstream of the jet exit.

5.7.4 Experimental Results on Seven-Jet Cluster Flows

The mean velocity and turbulence intensity of flows from two 7-jet
cluster arrangements were measured using the LV system. Seven converging
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nozzles of 2.22 cm diameter were mounted on the hot-jet test facility as
shown in Figure 5-128. Six of the seven nozzles were distributed evenly on a
circle of 3.81 cm and 6.67 cm radius around the centerline of the center jet
nozzle. The cluster flows were at 890 K and 600 m/s (Mach 1.12) for both
configurations, i.e., AZ =3.81 and 6.67 cm. For the cluster configuration
at AZ =3.81 cm, flows at 890 K and 506 m/s (Mach 0.86) were also tested.
The velocity and turbulence of the cluster flows were measured along the
centerline of the center jet and the transverse direction connecting the
centerlines of the center jet and one outer jet. The coordinates on the data
presented in the following subsections are shown in Figure 5-128.

5.7.4.1 Large Cluster Jets (AZ = 6.67 cm)

The axial velocity and turbulence intensity profiles of the large clus-
ter flow, along the centerline of the center jet is shown in Figure 5-129.
These profiles are similar to those from a single round jet (shown in Figures
5-98 and 5-99). However, the turbulence intensity at six nozzle diameters
downstream (Y/D =6) appears to be much higher than that of a single jet
flow. This may be explained by the existence of the shock pockets in a
supersonic jet exhaust. Figure 5-130 shows the radial velocity profiles
around one of the outer jets at Y/D = 4 and is similar to that of a single
round jet flow at the same downstream location. Radial velocity profiles of
the large cluster jet flows at Y/D = 10, 14, 20, and 26 are shown in Figures
5-131 through 5-134. Peaks are observed around the centerline of each nozzle
in the mean velocity profiles. Each jet flow behaves as a single free jet in
this large cluster configuration. Some indications of the jet interaction
are observed at the Y/D = 14 station in the interface region between the jets.
rhe turbulence in the interface region is approximately 12% of the nozzle exit
velocity and is slightly higher than the values at the corresponding location
for a single free jet, shown in Figure 5-105. However, the effect of the ob-
served jet interaction was minimal. Even at 20 nozzle diameters downstream,
the mean velocity peaks around each jet centerline are still descernible. At
Y/D = 26, the jets are so spread out that flat velocity and turbulence intei,-
sity profiles are obtained, as expected.

5.7.4.2 Small Cluster Jets (AZ = 3.81 cm)

=Two jet exit velocities were tested on this cluster configuration, i.e.,
UO.506 and 600 m/s. The axial velocity and turbulence intensity profiles

along the axis of the center jet are shown in Figure 5-135. At subsonic jet
exit velocity, UO - 506 m/s, the mean velocity decay along the jet centerline
is faster than at supersonic speed. The mean velocity axial profiles at
D0 = 600 rn/s are similar to results from the large cluster configurations.
However, the turbulence intensity at Y/D -8 is lower for the small cluster
configuration. This is an indication of the jet interference effect as the
distance between jets becomes smaller. For the case where jet exit velocity
is 506 m/s, the maximum turbulence intensity occurs at Y/D = 6 (instead of 8
as in the case of 600 m/sec). The maximum turbulence intensity along the
center jet axis is approximately 12% of the exit jet speed for both velocity
conditions for this small cluster configuration. The value of the maximum
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turbulence intensity Is approximately 14% in a large cluster arrangement
(shown in Figure 5-129).

Radial velocity and turbulence intensity profiles of the small cluster
are shown in Figures 5-136 through 5-140. Based on the profiles shown in
Figure 5-136, interaction between the center jet and the outer jet begins at
the Y/D = 4 station. The turbulence intensity on the edge of the center jet
appears suppressed to 12% from the free jet value of 15%, while the corre-
sponding intensity on the edge of the outer jet increases to 17%. The mean
velocity peaks are distinct and symmetric about each jet axis. As the clus-
ter flow moves downstream to Y/D = 10 and 14, the outer jet appears to
migrate outward. The mean velocity value at the outer jet peak decays faster
than that of the center jet. An important observation on this small cluster
arrangement, different from the large one, is that a strong interaction
occurs between the center and the outer jet and the interaction starts as
early as four nozzle diameters downstream from the jet exit.

The faster decay in mean velocity and turbulence intensity at the sub-
sonic speed can be clearly observed in Figure 5-137 at Y/D = 10. At Y/D = 14,
the outer jet velocity peak disappears, in contrast to the case of flows at
the supersonic speed. These observations suggest that a stronger interaction
occurs between jets of the small cluster arrangement at subsonic speed. The
cluster jet flow becomes a large simple jet at (or even before) 14 nozzle
diameters downstream, for flows at subsonic speed. For supersonic jet speed,
the cluster flow becomes a large simple jet at about 20 nozzle diameters
downstream, where the outer jet velocity peaks disappear.

5.7.2.3 Concluding Remarks

A successful application of the LV technique to high temperature and
high speed subsonic jet flows has been demonstrated in the experiments re-
ported in this section. Use of the LV technique with high temperature and
high speed subsonic jet flows has yielded detailed velocity and turbulence
intensity mappings of several combinations of a round and a rectangular jet.
Observations from these LV Measurements are summarized as follows:

1. A minimal temperature effect is found on the velocity profiles of a
round jet.

2. Strong similarity in mean velocity and turbulence intensity pro-
files along the jet axis is obtained over large Mach number and
temperature ranges (e.g., M = 0.3 to 0.965, To - 294 to 644 K for
a round jet.

3. The jet plume decays faster and spreads wider at high temperature
compared to room temperature for a round jet.

4. A rectangular jet exhaust degenerates to that of a circular jet
approximately 10 equivalent diameters downstream of the nozzle
exit.
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5. The values of maximum turbulence intensity along both axes of the
rectangular jet are similar (only the thickness of the jet is dif-
ferent along the minor and the major axes).

6. At small jet separation distance, i.e., 5 cm, twin round jet flows
begin to merge six nozzle diameters downstream. The jet center-
lines begin to shift outward from each other at 10 and 14 nozzle
diameters downstream. The turbulence intensity profiles are not
symmetrical to the jet centerline, with lower intensity near the
interface between jets. This is evidence of the reduction in jet
noise source strength due to the jet mixing process.

7. For the twin round jet at large separation, i.e., 12.7 cm, mean
velocity and turbulence intensity profiles agr,.e closely with those
of a single round jet. Each jet behaves as an independent jet up
to 14 nozzle diameters downstream.

8. The twin rectangular jets at two separation distances (i.e., 3.81
and 10.48 cm) resemble the flow field of a single rectangular jet.
No jet mixing interference is observed for either jet separation
distance, from the nozzle exit to 14 equivalent jet diameters down-
stream. Both jets become round cross-sectional jets between six
and eight equivalent jet diameters, similar to a single rectangular
jet.

9. For the 7-jet cluster flows, at large cluster separation (AZ = 6.67
cm), each jet in the cluster behaves as a single free jet. Some
jet interaction is observed at 14 nozzle diameters downstream.
However, the turbulence intensity peaks at about eight nozzle diam-
eters downstream. The effect of jet interaction at Y/D = 14 and
further downstream is minimal.

10. At small cluster separation (AZ = 3.81 cm), strong interaction
occurs between the center jet and the outer jets. Evidence of the
interaction is observed as early as four nozzle diameters down-
stream from the jet exit. Flows at subsonic speeds appear to have
stronger interaction between jets than those at supersonic speeds.

11. The small cluster flows (AZ = 3.81 cm) degenerate to a large single
jet at about 14 nozzle diameters downstream for the subsonic case
and 20 nozzle diameters for the supersonic case, based on the data
obtained in the hot jet test experiments.
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5.8 HOLE-IN-THE-WALL SOURCE LOCATION MEASUREMENTS

Axial noise source location measurements of the twin rectangular and twin
round jet configurations were conducted using the hole-in-the-wall source loca-
tion method. The test apparatus is described in Section 3.2 of this report.
To provide the aperture for these configurations, a system of four plates was
used to form a rectangular opening sized so as to accommodate a 140 flare
angle from the outer points of the jet periphery. Several axial positions of
each aperture were used to minimize the buffeting of the jet flow against the
aperture and yet achieve good isolation of the noise upstream of the aperture.
Three azimuthal microphone measurement planes (0, 450 and 900) were used to
capture the total acoustic power. Eight inches of acoustic foam were used as
ground covering to reduce the effects of ground reflections.

5.8.1 Twin Round Jets

5.8.1.1 Overall Power and Power Spectra

Axial surveys were taken up to 15 jet diameters downstream on three dif-
ferent nozzle spacings, and at two different flow .conditions, as shown in
Figure 5-141(a). The experimental measurement procedure is illustrated in
Figure 5-141(b). The principal utility of the hole-in-the-wall technique is in
measuring the axial acoustic power distribution, since the presence of the iso-
lation chamber and aperture tends to alter the SPL directivity patterns. As
discussed in Section 3.3, acoustic energy escapes from the upstream side of the
aperture and contaminates the downstream measurement. This effect is seen in
Figure 5-142, where the azimuthally averaged overall power level (OAPWL) is
plotted versus aperture location, x, for several nozzle spacings. The
leakage increases so rapidly at the large axial distances that there is hardly
any drop-off of OAPWL observed with distance. In the high frequency portion
of the spectrum, the drop-off of the azimuthally averaged power level (PWL)
is more rapid than the OAPWL, as shown in Figure 5-143. This is because the
high frequency sources are close to the nozzle, and because there is a lack of
any buffeting noise in this part of the spectrum. Increased spacing shows
lower drop-off of both PWL and OAPWL with x (and hence more acoustic leakage
from upstream to downstream). Higher jet temperature and velocity causes a
slight increase in the rate of the drop-off of OAPWL or PWL with axial dis-
tance, as seen on Figure 5-144.

The power spectra (shown in Figure 5-145 and 5-146) illustrate the low-
frequency noise caused by buffeting of the jet plume on the aperture. This
interaction noise is present in all the data, but increases with downstream
axial distance because of both this interaction noise and the excessive
acoustic leakage through the aperture, the data have not been converted into
source strength distributions.

5.8.1.2 Shielding Distributions

The concept of the hole-in-the-wall technique should (theoretically),
allow determination of the axial distribution of acoustic shielding effects.
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The contribution to the total shielding by any axial section can be determined
by comparing the differences in overall power and power spectra as measured
in the "loud" ' 900 plane and in the "quiet" 'P 0* plane. The realities of
this technique however, force the acceptance of only qualitative indications
of shielding effects. The difference in overall power level, as shown on

Figure 5-147, is found to be a decreasing function of distance, as expected.
This is due to the merging of the two streams at some downstream location, and
the gradual subsidence of acoustic shielding as the two jets merge. For high

frequencies, the responsible sources (and hence the shielding) are located
close to the nozzle exit plane X - 0. Figure 5-148 supports this (the drop-
off of APWL with distance is mnre rapid than for the AOAPWL results).

5.8.2 Twin Rectangular Jets

5.8.2.1 Overall Power and Power Spectra

A series of tests was conducted on twin rectangular jets similar to the
above twin round nozzle tests. The twin rectangular jet plume, however, allows
much better isolation of the upstream noise from the acoustic arena and the
results are therefore more useful. Three different nozzle spacings were
employed, at one heated high subsonic flow condition.

Figure 5-149 shows the spacing and the axial position of the isolation
aperture, x. Axial surveys of the azimuthally averaged overall sound power
level are shown on Figure 5-150. Flattening of the curves with increased
spacing (observed in the twin round tests) is not observed here, although
buffeting noise is present and contributes to a larger extent as axial distance
increases.

The 25 kHz band levels (Figure 5-151) drop much more rapidly with axial
distance, but there still appears to be some acoustic leakage (increased PWL
as s/t increases at any given axial position x/t). The buffeting or "inter-
action" noise which contributes to the OAPWL can be seen in Figures 5-152 and
5-153, in the low frequency portions of the spectra. An intense tone appears
in Figure 5-154 in the p = 0' plane, when the axial location of the isolation
aperture x is less than 20 nozzle widths. This is thought to be due to an
entrainment-induced flapping of the two jet flows when they are very close
together as discussed in Section 5.4.

5.8.2.2 Shielding and Azimuthal Effects

The most interesting result of the hole-in-the-wall source location work
is shown on Figure 5-154. Three mechanisms are present: (1) the self-shield-
ing of the rectangular jets by themselves, which reduces the levels of the

= 90* plane; (2) the shielding by the adjacent jet which reduces the levels
V in the * - 0* plane; and (3) the induced tone in the 0 - 0* plane for the

smallest spacing. For the smallest spacing, s/t = 2.08, the tone in the
=0* plane dominates at x = 0, resulting in negative values of AOAPWL.

However, as x increases, this source is gradually isolated until, at about 20
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diameters, the shielding by the adjacent jet has started to produce a net
positive AOAPWL. Further increases in x leave only the diffused downstream
portions of the jets exposed and AOAPWL tends towards zero. At the two
larger spacings (s/t = 3.47 and s/t = 7.46), the combination of self-shield-
ing and adjacent shielding produces a net positive AOAPWL with full exposure
of the plumes (x = 0). As the plume is progressively isolated however (x
becomes larger), the effect of the self-shielding (apparently predominant
near the jet exit plane) diminishes, the adjacent-jet shielding becomes
predominant, and AOAPWL increases. This explanation is reasonable because
the self-shielding depends on a high aspect ratio jet flow, which exists near
the exit planes, whereas the adjacent shielding only requires a separation of
the two streams. The larger nozzle separation (s/t = 7.46) shows the adjacent
shielding to be more dominant than in the case of the medium spacing (s/t =

3.47).

5.8.3 Concluding Remarks

In order to produce reasonable results from the hole-in-the-wall techni-
que, the nozzle must have a plume that allows a tight "acoustic" seal by the
isolation aperture. Lack of such isolation hampered the work carried out
with the twin round nozzles. The technique is very time consuming, requiring
roughly 10 to 20 times as long to survey a jet plume as to record normal far-
field measurements. The method only produces quantitatively adequate results
at high frequencies due to contamination by the plume aperture buffeting
noise. The technique is, however, capable of producing some useful qualita-
tive results. The relative location of dominance of adjacent-jet shielding
and self-shielding were identified, for example, for twin rectangular nozzles.
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6.0 ACOUSTIC SHIELDING EXPERIMENTS

6.1 DESCRIPTION OF TEST PROGRAM AND RESULTS

The basic objective of the acoustic shielding test program was to investi-
gate the purely acoustic aspects of the shielding of noise sources by a sur-
rounding jet. An annular jet flow at Mach number M, with inner and outer
radii of a and b, respectively, was tested in the outdoor hot jet facility
shown in Figures 6-1 and 6-2. Two types of noise sources were tested:
(1) a stationary source from a whistle and (2) a moving noise source from a
small high speed jet placed along the annular jet centerline. Data were
obtained on the acoustic power output radiated by the source and on the
changes in the source directivity pattern.

6.1.1 Test Results with a Stationary Source (Whistle)

Figure 6-3 shows a typical spectrum of the whistle noise source at 300
from the jet axis and 10 feet away from the jet exit, with no annular jet.
The central pure tone frequency is between 4 and 5 kHz. Some higher order
harmonics also exist. When the coannular shielding jet is imposed, the
whistle noise is reduced. Figure 6-4 shows frequency spectra of the whistle
at 300 and 900 from the jet axis with shielding jet flow at a Mach number of
0.6 and at room temperature. The noise spectra from the shielding jet alone
are also shown in the same figures. The amplitude reduction of the whistle's
central frequency is more at 300 (5 kHz) than at 900. At a shielding jet
flow Mach number of 0.8, the whistle noise is further reduced at both 300 and
900 (Figure 6-5). The stationary sound source from the whistle is therefore
suppressed in the far field due to the presence of shielding jet flow. The
reduction in amplitude of this stationary source at a fixed angle from the
jet centerline increases as the velocity of the shielding jet flow increases.

The angular difference in the acoustic shielding of a stationary sound
source is observed in the directivity measurements shown in Figure 6-6. The
noise generated only from the shielding jet flows at Mach 0.6 and 0.8 is
small relative to that from the whistle, and can be neglected. By comparing
the directivity pattern of the whistle alone (Figure 6-7) with that of the
whistle with shielding jet flows (Figure 6-6), the amount of shielding on a
stationary sound source as a function of direction is obtained as shown in
Figure 6-8. Figure 6-8 shows that the shielding effect appears to be signifi-
cant at shallow angles (0<500) and increases as the angle decreases toward
the jet centerline.

6.1.2 Test Results with a Moving Source (A Small Jet Inside the
Shielding Jet)

A base-purge arrangement was employed in the region near the exit of the
annular shielding jet; however, the ventilation was apparently insufficient.
The annular shielding jet is pulled in toward the jet centerline. Typical
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velocity profiles are shown in Figure 6-9 (indicated as the case without
segments). The annular jet collapses into a single round jet after some
distance downstream from the jet exit. There is a region near the base of
the jet centerline where reverse flow is observed due to insufficient ventila-
tion. After additional ventilation was provided to the base region via seg-
mentation of the shielding jet (Figure 6-2), the shielding jet behaved as an
ideal annular jet. The velocity profile is shown in Figure 6-9.

Flow reversal was not observed near the jet base region with the seg-
mented arrangement. In order to provide a fair comparison between the experi-
mental results and the theoretical slug flow model, the flow arrangement with
segments was selected as the standard test configuration in order to duplicate
the effects of an ideal annular jet. Table 6-1 shows a list of various jet
configurations tested and the test conditions of the shielding jet flows.
The inner sound source jet flow was fixed at Mach 2 and ambient temperature.

Figure 6-10 shows the OASPL directivity patterns from the source (inner)
jet, the shielding jet, and both jets together. The acoustic shielding of
the source jet noise is again obtained by direct comparison of the direc-
tivity patterns for the source jet alone and for the combined source and
shielding jets (provided that the noise from the shielding jet alone is
insignificant, as is generally the case).

Two shielding jet thickness configurations at similar operating con-
ditions are shown in Figure 6-10, which represents typical test results. A
few important observations from these directivity measurements are summarized
as follows: (1) the noise from shielding jet flow alone was at least 10 dB
lower than that from either the source jet or from both source and shielding
jets. The contamination from the shielding jet noise in the both-jet measure-
ments, was therefore, minimal. (2) The amplitude of the moving noise source
jet is reduced at shallow angles (8<50'). (3) The magnitude of the source
noise reduction increases as the observer angle decreases. (4) The angular
extent of this shielding phenomenon (noise reduction) increases with the
thickness of the shielding jet. (5) Shielding effect appears to be minimal
at 90 direction, particularly when the shielding jet flow was at room
temperature. This last observation is further substantiated by the SPL
spectral measurements shown in Figure 6-11 with the room temperature shield-
ing jet flow. At 90%, the SPL spectra of the source jet noise are almost
identical with and without the shielding jet flow. However, at 40' from the
jet centerline (where shielding exists) the source noise shows an amplitude
reduction between 2 to 20 kHz.

Figure 6-12 shows the power spectra at two shielding jet flow tempera-
tures. The abscissa is nondimensional source frequency, A =(27ra/c)f 0,

K. where fo is the source frequency. In terms of the observed frequency, f, fo
is given by

=o f V(l -Mc cos e)2 + (0.3 Mc)2
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Table 6.1. Experimental Configurations and Test
Conditions.

0 Model Configurations

Jet Radius
Ratio (a/b) Segments(N) % Area Blocked

0.85 0 0
0.85 4 18
0.85 4 36
0.85 8 36

0.95 0 0
0.95 4 18
0.95 4 36
0.95 8 36

* Shielding jet temperature: 500* R, 8500 R and 15000 R

* Shielding jet velocity: 650 ft/sec to 1100 ft/sec

e Convective noise source jet at 5000 R and 2200 ft/sec

.
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where Mc is the source convective Mach number and 0 is angular position
measured from the forward jet centerline. By integrating the sound pressure
level at a fixed frequency over the entire hemisphere, it is found that the
sound power of the inner jet is reduced due to the presence of the shielding
jet. This demonstrates that there is a reduction in the sound power with the
acoustic flow shielding arrangement, and not simply a redirection of sound.

Figure 6-13 shows typical directivity plots of the source sound pressure
level reduction due to acoustic shielding for two shielding jet flow segmen-
tation configurations. The difference in sound level reduction among the
various shielding jet flow segmentation arrangements is minimal. The effects
of temperature and velocity of the shielding jet flow on acoustic shielding
are observed in Figures 6-14 and 6-15. The shielding jet flow segmentation
dependence is again minimal. The amount of shielding for the moving sound
source increases as the temperature and velocity of the shielding jet flow
increase. The correlation of the source sound power reduction in dB and
temperature or velocity of the shielding jet appears to be linear in the
temperature and velocity ranges tested.

6.2 THEORY-DATA COMPARISONS

The theoretical far field radiation pattern for a convecting source
placed on the centerline of an annular jet is derived in subsection 4.2.2.2.
For the purpose of the theory/data comparisons shown in Figures 6-13 through
6-15, the magnitude of the square of the pressure [the acoustic pressure is
given by equation (89)] is normalized by that of a freely convecting source.
The coefficient D' of equation (89) is given by equation (77b), where in the
evaluation of the latter quantity the Correspondence Principle (section
4.2.2.3) is observed. For a freely convecting source, D' = i/2. Thus
(ASPL)theory = 10 logiolp/pOI2 where Po is the acoustic pressure of the
freely convecting source. The experimental value of ASPL is the difference
in SPL between the unshielded and shielded source.

The results in Figure 6-13 show that the difference in the acoustic
pressure of a shielded and unshielded source is negligible at relatively
large angles to the jet axis. At shallow angles, the difference becomes
larger and larger as the angle decreases. There is a slight overestimation
of the shielding at 200 to the jet axis; this minor discrepancy can be
attributed to the overidealization of the effects of a real jet by a slug
flow profile. In general, there is good qualitative agreement between theory

b and experiment.

In Figure 6-14 the difference in sound pressure level (ASPL) is shown as
A a function of shielding jet temperature for a fixed jet velocity (Vj - 850

fps) and at a fixed source Strouhal number (A = 8.4). In general, acoustic
shielding increases with annular jet temperature. Note that, because the
slug flow theory overestimates shielding at shallow angles to the jet axis,
only the slope of the theoretical curve is correct. The absolute level has
been adjusted to pass through the first set of experimental points. Of
course, the most important quantity is the slope, because it leads to the so-

*1 called density exponent for hot jets.
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The results shown in Figure 6-15 are similar, except the annular jet
velocity is varied at a fixed jet temperature. The slope of the theoretical
curve is again predicted; its absolute level is adjusted to obtain a best fit
to the data. There is good agreement again; acoustic shielding generally
increases with jet velocity.

A number of qualitative remarks can also be made for the radiated power
given by equation (79) of a convecting source on the axis of an annular jet
as stated earlier in subsection (4.22.1.5).

With reference to Figure 4-15, the radiated power of a shielded source
decreases with frequency; it decreases with increasing jet Mach number and
increasing jet thickness. The power also decreases with increasing tempera-
ture. The experimental verification of some of these remarks can be seen in
Figure 6-12.

6.3 CONCLUSIONS

Based on the experimental results and theory/data comparisons described
in Section 6.2, the conclusions from the acoustic shielding experiments can
be summarized as follows:

1. Trends of the experimental results from both a stationary and a
moving source agree reasonably with the predictions from slug flow
theory (described in Section 4.2.2).

2. Acoustic shielding provides a genuine reduction in the sound power
instead of merely a redirection of sound.

3. Shielding occurs mostly at shallow angles (0<500) and increases as
the angle decreases.

4. Shielding increases with temperature, velocity, and thickness of
the annular shielding jet flow.

5. The angular extent of shielding increases with the thickness of the
shielding jet.

6. Minimal effect of shielding on the moving sound source at 90* from
the jet forward centerline is observed, especially with a room
temperature shielding jet flow.

7. The type and degree of segmentation of the shielding jet flow
appears to have minimal effect on shielding.

6

. 615



7.0 PHYSICAL SHIELDING EXPERIMENTS

7.1 DESCRIPTION OF TEST PROGRAM AND RESULTS

The acoustic suppression potential of a simple flat plate shield was
evaluated using a six tube circular cluster to represent a typical multi-
element suppressor. This portion of the effort was not meant to be a com-
prehensive study of physical shielding, but rather to highlight the more
important parameters involved in shielding a circular cluster of jets by a
flat plate. These tests were carried out at the General Electric CRD Hot
Jet Noise Facility. The shield width was held fixed while the length and
offset from the cluster centerline were adjustable. Three shield lengths
and three offsets were used at five different combinations of velocity and
temperature. Rather than carry out a full factorial experiment, it was de-
cided to investigate only the most interesting features. It was felt that
except for supercritical flow conditions, the changes in the axial source
distribution of the cluster caused by jet velocity and temperature would be
of less interest than the geometrical parameters of the shield and its loca-
tion. Therefore, in selecting the test matrix, only one configuration was
examined to determine the effect of velocity (including supercritical flows)
at a given temperature, and the effect of temperature at a subsonic velocity.
Then at a given thermodynamic condition, the shield length and offset were
varied. Figure 7-1(a) illustrates the test matrix. The shield length L,
is measured from the nozzle hase plate, located six inches upstream of the
nozzle tube exit plane. Figure 7-1(b) illustrates the geometry of the ex-
per iment.

7.1.1 Results

For any given jet velocity and temperature, the reduction in the noise
of a small (D/d = 3) six tube cluster jet plume observed in the shielded
plane depends on the frequency, angle to the jet axis, and the shield length
and offset. For a fixed shield length, the effect of emission angle and
frequency is shown in Figures 7-2, 7-3, and 7-4. Generally, only the high
frequency sources close to the nozzle exit plane are effectively shielded.
This shielding increases as the observer moves away from the jet axis, and
approaches 15 to 16 dB at high frequencies, at right angles to the jet center-
line. The difference sound pressure level, ASPL = SPL (ip= 1800) - SPL
(y = 0'), is also very sensitive to shield length, as shown in Figure 7-5. The

interdependence of emission angle and shield length shown on Figure 7-5 is in
b general agreement with a ray acoustics viewpoint. There is very little differ-

ence between the measurements taken at ib=90' and ik=1800, as seen in Figures
7-2, 7-3, and 7-4.

On a difference power level basis, APWL, the effect of shield length is
not quite as dramatic as for the ASPL results, as seen in Figure 7-6. Shield
offset also plays an important role (increasing the offset from s = 6 inches
to s = 9 iaches reduces the shielding from APWL = 8.3 dB to 3.7 dB in Figure
7-6).

Jet velocity and temperature effects are not significant except in the
case of su'percritical flow, as shown on Figure 7-7, where a 2 dB decrease in
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59

shielding occurs from subsonic to supersonic flow. This decrease is thought

to be due to the lengthening of the noise source distribution which causes an

unmasking of the noise sources.

At subsonic velocities, the effect of jet temperature is very slight as
can be seen on Figure 7-8. The effect of jet temperature and velocity on the
power spectrum can be seen on Figures 7-9, 7-10, and 7-11. A reduction in

shielding in the midrange of frequencies is observed for the supersonic
velocity (Figure 7-11), in line with the earlier conjecture on the noise
source lengthening with supersonic flow. When the shield offset is increased,
as in Figure 7-12, the principal effect is a uniform increase in noise
throughout the shielded portion of the power spectrum.

7.2 THEORY-DATA COMPARISONS

7.2.1 Multitube Suppressor and Flat Plate Shield Experiments

This section attempts to apply the results of the theory of Section
4.8.1 to the data obtained in Section 7.1.1. A simple analytical model is
adopted for describing the axial noise source distributions. It can be
assumed that the six jet cluster employed in Section 7.1.1 has a noise signa-
ture which is essentially six times the noise emitted by any one jet (except
possibly at very shallow angles to the jet axis and at low frequencies where
physical shielding effects are not very important).

For subsonic jets, an approximate relationship giving the peak-noise
frequency f generated by an axial station located a distance x from the
nozzle exit plane is given by Howes, et al.( I0 6 ) as

fDD-f- = (1.25 x) -1.22

It is well known that Noise generation occurs further and further downstream
of the nozzle exit plane as the jet Mach number increases. Motsinger and
Sieckman(3 6 ) show that equation (375) must be modified to:

-1.22
fD= (x-O) (1.25) (376)

where xo/D = 4MI '. 5 3 where M is the jet Mach number. In the present applica-
tion (barely sonic jets), both equations (375) and (374) are used, with xo/D
= 4 in the latter.

The six jets are modeled as shown in Figure 7-13 as linear radiators.
Motsinger and Sieckman(36) show that, for a given frequency band f, the
actual distribution of the noise-per-unit length at f is a unique function of
(X/xp), where xp is the axial location at which the noise level per unit
length is maximum at frequency. Motsinger and Sieckman sketch the unique
function, but a rough approximation is to assume that the distribution varies
as (X/Xp)0.8 for x < Xp, and as (XXp)- 2 for x > xp. These relations determine,
for a given frequency, the axial distribution of noise sources radiated from
each of the six jets in Figure 7-13. Equation (323) can be directly applied
to predict the ASPL due to the shield as a function of frequency and .
Note however, that if the source-observer geometry is such that the observer
is not in the shadow of the source, equation (323) does not apply, and
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physical shielding is assumed to be zero. Also, equation (323) is not

uniformly valid as tends to (7 + 0) (i.e., observer approaching the edge
of the shadow). This situation is handled by assuming that, the attenuation

is at least 6 dB. For c > (7 + 0), i.e., the observer is truly within the

shadow of the source. The jet is treated as an assemblage of independent

radiators at each axial slice. The jets are broken up for numerical purposes,
into axial slices which are one diameter thick, and the integration is carried

out for 40 diameters along the jet axis. Each of the six jets is treated
as an independent radiator.

A Boeing study, D.G. Dunn, et al.(1 0 7), examines physical shielding of

engine turbomachinery noise sources by wings with considerable analysis

'A devoted to edge interaction noise due to jet flows in close proximity to the

shield. Their method of approach to estimate the physical shielding of jet

noise was to examine the applicability of the empirical expression for the

shielding derived by VonGlahn, et al.(108), based on studies with a cold

flow jet placed near a shielding surface. This correlation method is shown

to be able to predict the measured shielding to within ±2.5 dB. The method

proposed in the Boeing study is not comparable to that proposed herein since

the present method proceeds more or less directly from first principles,
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while the Boeing study examines the applicability of a correlation method
based on test data from one study, VonGlahn, et al.(108) to their own
results.

In wnat follows, theory-data comparisons are carried out both with the
General Electric method (developed in this report and explained earlier)
and with the Boeing-VonGl.hn correlation . Both of these comparisons are
shown in Figures 7-14 and 7-15. However, the discussion of how these com-
parisons fared will be carried out separately. The next six paragraphs dis-
cuss the GE method, and the last paragraph discusses the Boeing-VonGlahn
method. Since the Boeing-VonGlahn recommendation is to estimate the shielding
with a mean line with an estimated ± 2.5 dB confidence limit, the results of
applying this method are shown as a predicted band in Figures 7-14 and 7-15.

In the results shown in Figures 7-14 and 7-15, the data points depicting
the shielding effect are interpreted by looking at the ASPL between = 1800
and i = 00 in Figures 7-2 through 7-5. For the C;E theory, both the assump-
tions x0/D = 0 and xo/D = 4 were tested. As shown on Figures 7-14(b), 7-14(c),7-15(b)
and 7-15(c), the agreement at 0 = 600 and 900 with the theoretical predic-
tions is remarkable, considering the rather straightforward (simplistic)
modeling of the axial source distributions in the six jets.

As shown in Figures 7-14(a) and 7-15(a), at Oj = 300, the measured
shielding at this shallow angle is considerably greater than that predicted
by the theory, even with x0/D = 0. An additional calculation, assuming that
radiation at = 1800 is enhanced by 3 dB due to a "reflection" effect of the
barrier, is also presented. This improves the theory-data comparison below
10 kHz, but the general shapes, etc., in both Figures 7-14(a) and 7-15(a)
still appear to be at variance with the data. One explanation for the
discrepancy is that a pressure deficit develops due to the greater impediment
to the jet entrainment on the side where the flat plate shield is located,
causing the jet flow to attach to the plate. Such an asymmetric velocity and
temperature profile would produce greater fluid shielding in the plane 4 = 0,
as opposed to the plane p = 180*. This speculation requires both experimental
and theoretical verification.

Figure 7-6 shows the reduction in PWL attenuation at 10 kHz for V = 1650
fps, Tj = 15000 R, and L = 18", in going from s = 6" to s = 9". The measured

reduction in PWL attenuation is 4.5 dB. The predicted reduction in SPL
attenuation for 6j from 30' to 900 due to this reduction is tabulated below:

Predicted Reduction in SPL

6j, degrees Attenuation at 10 kHz

30 0.1 dB

40 2.1 dB

50 3.5 dB

60 2.0 dB

90 0.1 dB
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The directivity of the noise at 10 kHz shows the SPL peaking between 8jj40* and 61 -f 60* (it is flat to ±1 dB over this angular range), and on this

basis one would roughly expect a reduction in PWL attenuation of 2.5 dB as
compared to the measured value of 4.5 dB.

Figure 7-7 shows that the measured reduction in PWL attenuation is about
2 dB at 10 kHz when jet velocity is raised from 1500 to 2200 fps at Tj of
15000 R, L - W, and s - 6". The predicted reduction in attenuation due to
this velocity increase is 0.1, 2.7, and 2.3 dB at ej - 30%, 600, and 90,
respectively.

Except for underestimation of the attenuation at 8j - 30, the physical
shielding theory of Section 4.8.1, used in conjunction with the axial source
distribution correlations of Motsinger and Sieckman(36), appears to predict
reasonably well the measured shielding effects. The agreement holds for
variations with ej, f, L, s, and jet velocity.

Since the aeroacoustic prediction method of chapter 4 proceeds from the
noise contribution of each elemental volume of the jet, it should be an easy
matter to additively integrate the results of Section 4.8.1 to produce a
prediction procedure which includes the effects of a wing-like shield.

Finally, this chapter is concluded by discussing the theory-data comparison
using the Boeing-von Glahn correlation. As can be seen in Figures 7-14 and 7-15,
this method generally under-estimates the measured shielding, even after allowing
for the ± 2.5 dB estimated confidence limit. The chief reason for this under-
estimation is believed to be the lack of accounting of the parameter s/D (see
Figure 7-13) in this method. In Reference 107, a better theory-data agreement
than evident here was demonstrated for tests with a 21 tube nozzle configuration,
but for s/D - 13.7, whereas in Figures 7-14, 7-15, s/D is approximately 7.
Since decreasing s/D does increase shielding benefits, there is no contradiction
between the results of Reference 107 and those shown in Figures 7-14 and 7-15.
The comparison does, however, point out the need to account for the s/D
parameter -- a deficiency of the Boeing-von Glahn method acknowledged in
Reference 107. Even the slopes of variation of shielding with frequency and
shield length are not very well predicted by the Boeing-von Glahn method. This
deficiency is apparently due to a failure to account for the virtual source
distribution of jets, i.e., the need to recognize that high frequency sources are
located closer to the nozzle exit plane than low frequency sources. This feature
is fully allowed for in the GE method. The conclusion from the comparative
evaluation of the two methods is that if good estimates can be made of the
source distributions in the jet plume, a first principles based diffraction
model approach is the best approach to estimate physical shielding benefits.
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8.0 OTHER TOPICS

This section contains a survey of several items whose relevance to jet
noise has not been totally clear. These items include lip noise, orderly
structure, jet noise suppression by the use of particle or fluid additives,
etc. The studies were probing in nature, rather than comprehensive. The
fluid injection and physical obstruction noise efforts were primarily liter-
ature surveys. Static lip noise was studied extensively. A wind-on lip
noise investigation was contaminated by unexpected valve noise. Experiments
were carried out to a sufficient extent, however, to substantiate that there
is no significant lip noise at jet velocities above 1000 fps. Orderly struc-
ture experiments failed to establish any direct relevance to far-field jet
noise. No novel jet noise suppression concept is evident from these studies.
A planned analytical ejector aero-acoustic effort failed because a suitable
analysis to predict ejector aerodynamics at takeoff conditions does not
exist. The Task 3 report contains details of an empirical ejector noise
prediction which must be used until the theoretical aerodynamics can be
modeled.

8.1 LIP NOISE

The objective of this study was to determine the relative contribution
to far-field noise of incident turbulence, separated flow, and vortex shed-
ding from nozzle surfaces. All the activities were conducted under the direction
of Dr. T.E. Siddon of the University of British Columbia. A causality technique
was used to correlate nozzle surface pressures with far-field sound pressures.
Important parameters include (1) shape of the convergent section of the nozzle,
(2) nature and thickness of the boundary layer at the nozzle exit plane (laminar
or turbulent), (3) lip thickness, and (4) level of incident turbulence. The
effects of external flow on the radiated lip noise were also studied.

8.1.1 Fundamental Lip Noise Mechanisms

8.1.1.1 Background

One-third octave jet noise data often appear to display a rise to a
maximum plateau in the high frequencies, particularly near 900 to the jet

4 axis (see References 109, 110, 111, and 112). When jet noise model data are
recorded at values of log fD/Vj greater than 0.4 (frequencies above 40 kHz),
a distinct second maximum is apparent (attributed to lip noise) as shown in
Figure 8-1. Since these higher model scale frequencies translate into the
3,000 to 12,000 Hz frequency range when converted to full scale, the noise
levels could be significant for certain subjective noise assessments.

A set of hypothetical spectral pairs has been postulated for each of
the three spectra shown in Figure 8-1 in order to roughly separate the high
frequency "hump" from legitimate jet noise. The total SPL inherent jet noise
and the excess noise are deduced separately by summing the energy in each
band (plotted on Figure 8-4). The excess noise begins to become important at
the lower Mach numbers, even though the data are for basically clean jet
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flows. Whether or not such a spectral separation is realistic, and whether
the excess noise fraction radiates from the vicinity of the nozzle lips re-
mains to be determined.

If one adopts the hypothesis that the double-humped spectral signature
is a consequence of induced unsteady pressure fluctuations at the trailing
edges of the nozzle lips, arising from unsteady fluctuations of the shear

layer boundary, then dipole-like radiation should result, and its effect
should become increasingly prominent with reduction in jet velocity, due to
its tendency to vary roughly as V1. The curves in Figure 8-2 show an in-
crease in the relative importance of the nozzle noise at lower velocities.
Further enhancement of this nozzle noise should occur if the internal nozzle
flow is made to be unsteady (i.e., turbulent boundary layer or flow separa-
tion). Experiments reported herein tend to support this reasoning.

Very clean nozzle jets also show incidence of a high-frequency hump, yet
correlation experiments reported later indicate almost no contribution from
the lips. The alternative hypothesis also seems reasonable that the process
of transition to a turbulent shear layer may result in legitimate quadrupole
radiation. In the current clean jet tests, the process of transition seems
to occur outside the nozzle, at a point a few shear layer thicknesses down-
stream of the exit plane.

8.1.1.2 Theory

The main diagnostic tool used in this investigation is the "causality"
correlation technique. Various source fluctuations are measured and corre-
lated in real time against the overall sound pressure at a specified far
field point. The use of this technique, as well as several experimental
precedents have been reported in the literature(11 3,114,115,116 ),

In this case, one correlates the time-delayed pressure fluctuations.
sensed over the nozzle lips with the far-field sound. From these correla-
tions it is possible to predict the portion of the far-field radiation asso-
ciated with the nozzle surface pressure fluctuations.

Analytical Frame Work

According to Curle's generalized solution of Lighthill's aerodynamic

noise equation, the total far field pressure radiated from a fluid noise
source field can be approximated by:

p(r,t) [6 dS + (f + Puiun) dS +
S 4 0~a S

4 ri-a 2 -1 d (377)
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where:

square brackets denote evaluation at retarded time,

r is the vector pointing from the source region to the far-field point.

The surface integrals are associated with noise generation by interaction
between the fluid and the control surface S (real or imaginary) which may de-
form with arbitrary surface velocity un and may experience local stress fluc-
tuations fi. This surface generated noise is sometimes referred to as ex-
cess noise, since it adds to the turbulence generated jet noise, and is re-
ferred to herein as nozzle lip noise.

To ensure that the control surface S contains the region of primary lip
noise generation, a surface is chosen as shown in Figure 8-3(a).

If the nozzle surfaces are rigid (un = 0), then the excess acoustic pres-
sure sensed in the far field can be written:

__~t = 1(rt) 1 4cos t]dS (378)
lip- 4r J f[at]

S

Where PS is the local surface pressure and approximates fi, the local
resultant stress; * is the angle between the surface normal n and the direc-
tion of far-field emission [see Figure 8-3(b)]. Individual elements of the
above integral represent discrete dipole radiators.

It is likely that lip noise sources are concentrated very close to the
exit plane. This means that the surface source strength should fall to
insignificant values within a wavelength or so of the exit plane. If, in this
region, the nozzle contour is relatively parallel to the z-axis, then one can
make the approximations:

cos 4 cos E sin e; and at 0 = 900, cos 4 cos c.

In causality formalism (after Reference 114) both sides of the solution
integral are multiplied by the far-field pressure p(r,t') evaluated at a dif-
ferent time t'. After time averaging, one can obtain:

____ _ 1 [cos 4 p(t') dS (379)
p(t)p(t') - 47ra O  Jt-r/a

0S IIStra0

When statistical stationarity is assumed (see Reference 113):
4

S (T )  4 cos 4)P CO dS, where T = t'-t. (380)
S 4irra (0] s~S

*Shear stress fluctuations can safely be neglected, relative to normal stress
fluctuations (pressure), for most cases of flow at relatively high Reynoldsnumber (see Reference 112). 642 ..
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Thus, the autocorrelation of the excess far-field sound depends upon
the integral distribution of the surface pressure far-field causality func-
tions.

The autocorrelation of a local source contribution is given by thL dif-
ferential form of equation (380). If T is set equal to zero, the acoustic
contribution from each unit of nozzle surface area is:

S() a (381)dS 4wra°  T = r/ao

It is expected that only those elements of surface which undergo sub-
stantial pressure fluctuations in the direction of r will contribute to the
total noise. This fact is emphasized by the multiplicative factor cos 4,
which means that those surface elements which lie more-or-less normal to the
direction of radiation r will be the dominant radiators.

In Reference 113, it is shown that the spectrum of p (r,t) may be found
by taking the Fourier cosine transform of equation (380):

4ra_ c Cos[ psp cos W t - dTdS (382)

S

Thus if one defines:

(-) p cos w (T - dt (383)psp 2v fJ ITsJa 0

then;

Ld (W)1 (384)

dS 4rra 0

This gives the local source spectrum, or the fraction of 4_(w) associated
with unit surface area at the point where ps was measured. Thug the complete
spectrum is built up by superposition of elementary spectra from all points
on the surface.

8.1.1.3 Possible Nozzle Noise Mechanisms

In the absence of any significant experimental conclusions about lip
noise operating mechanisms, it is useful to hypothesize a variety of flow
conditions which could result in noise emission from the trailing extremities
of the nozzle. Several possible lip noise mechanisms are discussed below.
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Condition: Smooth Approach Flow/Laminar Boundary Layer

Boundary layer transition occurs outside the nozzle (Figure 8-4) for this
hypothesized correlation. The initial shear layer is laminar. The transition
distance in a laminar shear layer is unknown, but will generally depend on the
Reynold's number, boundary layer state, and nozzle geometry. Limited experi-
mental data, supported by shear layer stability analysis (e.g., see Reference
112), suggest that

x t = 50 6

where 66 is the momentum thickness of the initial shear layer at the exit
plane (x = 0). Unlike the case of transition in a laminar boundary layer,
the shear layer transition does not appear to occur at a unique Reynolds
number.

xt

Figure 8-4. Transition Outside Nozzle.

Reference 112 also suggests that the frequency of the periodic transi-
tional waves (which begin to occur within a distance xt from the exit plane)
can be predicted from the formula:

0.1V~et

f = 21ve (385)

where

6 0.7x (386)
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Grosche ( 11 7 ) shows a shadowgraph of a 2-cm jet of air operating at Mj = 0.7

wavelets of about 1 to 2 mm wavelength appear to develop, in circumferential

bands, at a distance 1 to 2 mm downstream of the exit plane. An increase

of noise emanating from the exit plane region of the jet is believed by
Grosche to be caused by ring vortices or similar disturbances in the laminar/

turbulent transition region, or its vicinity.

The process of turbulent evolution through transition follows from the
birth of the unstable waves; these quickly distort into discrete vortices by

nonlinear amplification (see Reference 118). The entire process occurs with-

in approximately the first jet diameter and may constitute a spatially com-
pact and highly efficient source of aerodynamic noise. The radiation effi-
ciency is especially good if the evolving structures have a high degree of

circumferential symmetry.

If the unstable wavelets develop very close to the nozzle, there is also
the potential for inducing substantial levels of fluctuating pressure on the

extremities of the nozzle surface (Figure 8-5). The initial laminar shear

layer distorts and oscillates as a compliant boundary would.

Acceleration Reduces

Pressure

iV

Deceleration Increases

Pressure

Figure 8-5. Exit Plane Instability.
/
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A "hinge" effect occurs at the rigid lip of the nozzle; alternate acceler-
ations and decelerations are imposed by the time-varying boundary condition.
These are accompanied by a fluctuating, inertially induced pressure distur-
bance acting on the internal nozzle surface. The radiation power of this
mechanism is unknown at this time. However, Grosche(1 17) notes that, upon
inserting a "turbulence ring" in the nozzle, some distance upstream of the
exit plane, the excess "lip noise" appeared to be reduced substantially,
presumably because it helped to destroy the strong circumferential coherence
in the wavelet pattern.

By combining equations (385) and (386) with the assumption that xt-l+2D
in equation (386) the frequency of the shear layer instability can be pre-
dicted approximately from:

f J(387)
50/'V

If this instability contributes to the acoustic spectrum, the contribu-
tion should be of fairly narrow bandwidth, and centered on the following
frequencies, for a room temperature free air jet:

M 1 0.2 0.4 0.6 0.8 1.0

If D= m 20 kHz 60 kHz 112 kHz 170 kHz 240 kHz

fD5cm 4 kHz 12 kHz 22 kHz 34 kHz 48 kHz

These frequency predictions above are only nominal estimates; the actual
values may be higher or lower by 50% or more, depending on the actual momentum
thickness at the exit plane. For a full-size jet (D=50 cm) exhausting near
M= 1, the shear layer instability would be well into the ultrasonic range,

and probably of little consequence to the subjective noise. Furthermore,
there is little likelihood of a laminar boundary layer and smooth core flow
in a real engine exhaust.

Condition: Smooth Approach Flow/Transition Near Exit Plane

If one assumes that the nozzle cone affords an optimum inlet contour
and sufficiently smooth surface for the initiation of a laminar boundary
layer, the boundary layer transition distance may be deduced from the well
known transition Reynolds number:

V
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This range is based on the flat plate transition experiments of
Schubauer and Skramsted, and the theorl of C.C. Lin. To apply in the jet
nozzle, the boundary layer thickness 6 must be small compared to the noz-
zle diameter D. The displacement thickness 6* is given by:

6 1.75 x . 2.5 6 (389)

Combining equations (388) and (389) yields:

Rext xt 50,000 - 120,000 (390)V

Thus, for free air jets of 2 cm diameter, or 50 cm diameter, operating
at room temperature, the transition distances (in numbers of jet diameters)
will be:

Mj 0.2 0.6 1.0

(xt/D)2 cm 0.5 - 1.2 0.17 - 0.4 0.10 - 0.24

(xt/D)50 cm 0.02 - 0.05 0.007 -. 0.016 0.004 - 0.01

Since most jet nozzles would have an "effective" boundary layer origin
on the order of one diameter upstream of the exit plane, it is evident that
the boundary layer in small model jets will generally undergo transition very
near the exit plane, at low values of Mj. Transition may occur upstream of
the lip as Mj approaches unity. But for a 50 cm nozzle more typical of a full-
scale jet, the boundary layer should always become turbulent well upstream of
the exit plane.

In the event that Tollmein-Schlichting (T-S) waves do begin to form
immediately upstream of the nozzle lip (possible for a 2 cm nozzle as Mi - 1),
there is a likelihood of vortex generation right at the exit plane (Figure 8-6).

This occurrence could lead to strong periodic pulses of negative pressure

b being induced at the lip, as a consequence of rapid accelerations associated

with the "rolling up" process. This provides a mechanism for efficient radia-
tion of surface dipole noise, especially if there is a substantial degree of
lateral coherence in the approaching T-S wave patterns.

The frequencies of the earliest forming T-S waves can be deduced from
Lin's stability analysis (Reference 119) which gives:

22
f 48 VL x 10 6 Hz (391)

V
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Figure 8-6. Transition at Exit Plane.

Hence, for a room temperature air jet:

Mi0.2 0.6 1.0

f 16 kHz 140 kHz 400 kHz

Thus the transition/lip interaction process may be a source of ultra-
sonic noise for small diameter (model) jets, but it is not likely to be present
with larger nozzles.

Condition: Smooth Approach Flow/Turbulent Boundary Layer

In a full-scale jet nozzle (D z50 cm) the boundary layer will undoubt-
edly be turbulent well upstream of the exit plane, for reasons offered in the

previous discussion. It is known that the largest eddies in a turbulent
boundary layer have a longitudinal wavelength of about one boundary layer
thickness 6 (roughly four times the integral length scale) ~.The lateral
scales will be roughly 1/3 to 1/2 of this magnitude. The turbulent structures
will pass the nozzle lip at a velocity of approximately 60% of the core jet
velocity, and in the process may induce intensified, but circumferentially
localized pressure fluctuations at the exit plane. These pressure fluctua-
tions result from the random redirection of fluid as it passes the nozzle lip,

V with possible "birth" of the initial shear layer eddies (Figure 8-7).

85 is the total boundary layer thickness. Assuming a 1/7 power velocity pro-
file S* 8 /8 and So 6/10
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The lip pressure spectrum will be broadband, but with a peak corre-
sponding to the frequency of passage of the dominant energy-bearing structures:

V V
fc - . (392)

eddies X eddy

Assuming the turbulent boundary layer has a 1/7 power velocity profile,
and that it initiates roughly one diameter upstream of the exit plane, its
effective thickness is given by:

V.D -1/5

6 0.37 D j(393)
V

On the basis of the above assumption, the following quantities may be calcu-
lated for an unheated air jet:

M0.2 0.6 1.0

60.74 mm 0.60 mm 0.54 smm
D -2 cm f ~peak 56 kHz 206 kHz 380 kHz

69.8 -m 7.8 mm 7.1 mm
D - 50 cm f peak 4.2 kHz 16 kHz 29 kHz

Apparently, the frequencies of natural boundary layer surface pressures
are generally in the ultrasonic range, even for a large Jet nozzle. Further-
more, because of the limited lateral coherence of boundary layer "eddies" (the
tangential wavelength is on the order of 1/20 to 1/50 of the jet diameter),
they probably represent a very inefficient source of lip noise. It is possi-
ble in fact that a thin turbulent boundary layer ensures the quietest operat-
ing condition for a jet nozzle. This is consistent with Grosche's(1 17) obser-
vation.

Condition: Smooth Approach Flow/Internal Separation

Poor nozzle contour or upstream obstructions can lead to an artifical
thickening of the boundary layer, whether it be laminar or turbulent. The
resulting internal pressure fluctuations may have substantial lateral
coherence, and the separated region (Figure 8-8) may be thick enough at the
exit plane to induce significant lip noise, by the process described in the
previous discussion. The nominal thickness of the separation bubble, and
whether or not it reattaches within the nozzle, will strongly influence the
nature of the noise. These properties have a complex dependence on the
"shape" of the nozzle or obstruction, on the properties of the approaching
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Figure 8-8. Internal Separation.
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boundary layer, and on Mach number. However, one can estimate that the
"length" scale of the resulting pressure field will be on the order of two
to four times the obstruction height, and that the pressure field will con-
vect with a velocity of 50% to 60% of the free stream velocity. Thus, the
spectral peak for lip pressures may be predicted by a modified version of
equation (392):

f 0.-2 (394)
separation 3d d

where d is the effective height of an obstruction, either real or virtual.*

Thus, for an obstruction height of 0.5 mm the following frequencies
can be predicted:

Mj 0.2 0.6 1.0

fpa 27 kHz 82 kHz 140 kHz

Whether this mechanism is capable of radiating significant noise depends on
the details of the separation bubble, particularly its lateral coherence and
reattachment point.

Condition: Smooth Approach Flow/Internal Separation with
Coherent "Screech"

Under severe conditions of internal spearation (especially where there
is an axisymmetric character to the separation "bubble"), it is possible to
generate a powerful nozzle screech. This arises from a resonant feedback
loop involving the point of initial separation and the nozzle lip. Assuming
that the obstruction is in the form of a circular trip ring (Figure 8-9),
an axisymmetric ring vo~rtex, "born" earlier at the obstruction edge, is
suddenly relieved as it passes the exit plane. At this Instant, its vortic-
ity distribution Is altered abruptly in a manner which sends a strong pulse
of acoustic pressure back upstream. On interacting with the shear layer at
the obstruction edge, the pressure pulse "triggers" the birth of a new ring
vortex. The fundamental frequency of lip interaction is given by the in-
verse of the sum of the upstream and downstream propagation times:

1__0.6M__ a6Ma/X

* screech 6M+ .(35
0.6j + j I+

Here, aj is the speed of sound in the nozzle throat.

i.e., an obstruction capable of generating the same fully developed separa-
tion bubble as a "poor" nozzle contour.
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Figure 8-9. Nozzle Screech Mechanism.

Thus, for a path length 1. 2 cm in a free air jet, the fundamental

screech frequencies will be:

Mj 0.2 0.6 1.0

fscreech 1790 Hz 3250 Hz 0

Note that the screech frequency approaches zero at both limits M4 - 0
and Mj - 1. At a particular Mach number, several harmonics of fscreech are pos-

sible, because the feedback cycle is pulsatile, rather than sinusoidal; i.e.,

the vortices may be much smaller than their core-to-core spacing.

The phenomenon described above has been observed to occur in nozzles
when trip rings of heights greater than 1/2 mm are inserted. The acoustic

emission from the lip rises to levels which are substantially larger than
the pure jet noise, apparently due to the axisymmetric nature of the induced
pressure field.

Condition: Large Scale Turbulent Approach Flow

If large scale turbulence is present throughout the internal approach

flow it may have a variety of effects, depending on the shape of the eddies
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and the relative scale size compared with jet diameter. If the unsteadiness
has a scale larger than the nozzle diameter it will produce the effect of an
acoustic monopole (mass flux pulsation) at the exit plane.

However, if the length scale is somewhat smaller than the nozzle diam-
eter, an unsteady edge fluctuation will result, as the pressure field is
suddenly "relieved" at the exit plane. The process will be similar to the
turbulent boundary layer-edge interaction illustrated in Figure 8-7. How-
ever, due to the much larger circumferential extent of the turbulent struc-
tures, acoustic radiation should be much more efficient and at substantially
lower frequencies than for the turbulent boundary layer. The actual level of
excess noise generated will depend on the turbulence intensity and ratio of
scale length to nozzle diameter. For fully developed turbulent pipe flow,
maximum axial scale lengths on the order of one nozzle diameter, and maximum
turbulence intensities of 6% to 10% in the near-wall region of the flow are
expected. The resulting spectra of "lip" pressures should have a broad peak
at frequencies where f Vj/D. Thus, for fullj developed pipe flow turbulence
at the nozzle exit:

Mj 0.2 0.6 1.0

fpeak2 cm 3.4 kHz 10 kliz 17 kHz

fpeak50 cm 140 HzA 400 Hz 1700 Hz _

8.1.1.4 Experimental Technique

The experimental lip noise work consisted of measuring Ear-field spectra
for various nozzle configurations and making correlation measurements be-
tween the fluctuating pressures on the nozzle walls and the far-field sound.
All the experimental work was conducted in the University of British Columbia
Anechoic Room(lO9,123).

Measurements of Far-Field Spectra

The far-field spectra were measured for a conical nozzle and a smoothly
contoured nozzle (see Figure 8-10) under the following conditions:

* Clean, as shown in Figure 8-4.

0 Various nozzle tips with lip thickness ranging from 2 mm to 5 mm.

* Internal tip rings placed 1 diameter upstream of the exit plane.
The height of the rings varied from 1/4 mm to 1 mm.

* Internal turbulence generators of two types:

- vortex generator placed upstream of the exit plane.

- 10-diameter nozzle extender attached at the nozzle exit plane.
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Correlat ion Measurements

The difficulty of making an accurate and reliable measurement of pressure
fluctuations on the nozzle surface was only partially resolved. A number of
difficulties were encountered in devising a tiny flush-mounted pressure trans-
ducer capable of accurate response to nozzle pressure fields, at frequencies
up to 100 kHz. (Because of limited air supply capacity, the jet nozzle was
designed with a 2 cm exit diameter. As discussed in Section 8.1.3, this
suggests that the frequency range of interest for lip noise would lie between
20 kliz and 160 kHz.) The effective sensing dimension of the pressure trans-
ducer should be less than 1/4 of the wavelength of the convecting disturbance
at the upper frequency limit to ensure adequate spatial resolution. For a
disturbance convecting "hydrodynamically" at 300 fps, the required diameter
is 0.010 inch or less for 100 kHz response. Many transducers and configura-
tions were tried. The most satisfactory transducer was made from metallized
mylar foil stretched over a roughened backplate. The active diaphragm diam-
eter is approximately 0.050 inch. With only a clearance of 0.005 inch between
pinhole and diaphragm, and a pinhole diameter of 0.030 inch, the Helmholtz res-
onant frequency is approximately 120 kHz. The pressure response is considered
reliable to about 100 kHz.

The tip nozzle with 2 mmn lip thickness was used for extensive cross-
correlation measurements. The nozzle was machined of aluminum and contains
a number of flat-bottomed holes drilled along its axial length. When the
transducer was plugged in at a specific axial position, the other holes were
plugged with Teflon.

The tip nozzle element is scribed at 150 intervals. The far-field micro-
phone was located at selected angles 6j relative to the jet axis, in the hori-
zontal plane. The transducer port was rotated through 150 increments of * in
the x - y (exit) plane. In this way it is possible, in principle, to build up
a complete surface distribution map of dpT/dS for each jet operating condi-
tion, given enough separate data points. (In practice, it was not feasible
to obtain data for points closer than 2 mm to the exit plane.)

8.1.1.5 Results/Measurement of Far-Field Spectra

Spectra for Basic Nozzles

Figure 8-11 shows 1/3-octave spectra for the basic fiberglass and alum-
inum contraction cones. The characteristic high frequency "humping" is evi-
dent for frequencies above 20 kHz (the secondary ripples at around 35 kHz
and 80 kHz are relatively independent of velocity; it is believed that theseii arise from slight irregularities in the microphone frequency response). The
spectra for the aluminum cone rise increasingly above those for the fiber-
glass cone at the high frequency and as Mach number is reduced. This is thought

to be a consequence of internal separation, caused by the rather tight curva-
ture just upstream of the exit plane, for the aluminum cone. By installing
an aluminum shield around the nozzle exit, lined with 1/4-inch-thick fiber-
glass wool (see Figure 8-12), this high frequency excess noise of the aluminum
cone was reduced to the level of the unshielded fiberglass cone. The shield
caused a noticeable, but somewhat smaller reduction of the high frequency
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levels for the fiberglass cone. The lesser influence of shielding on the
fiberglass nozzle spectra, and correlation data reported later, jointly lend
support to the notion that the excess noise for the baseline (smooth flow)
nozzle emanates from the region of transition/turbulence generation in the
free shear layer. By contrast, the aluminum cone seems to generate genuine
lip noise.

Addition of Tip Nozzles with Different Lip Thickness

Figure 8-13 shows the consequences of adding different tip nozzles of
various lip thicknesses to the fiberglass cone. The thicknesses range from
very sharp to 5 mm thick. Only slight spectral irregularities are evident,
with no consistent trend. The overall levels are virtually unaffected.

When any of the tip nozzles are added to the aluminum cone, however,
there is a pronounced reduction of the high frequency excess noise (Figure
8-14). The longer channel length at constant diameter presumably induces the
flow to reattach, or perhaps the more favorable pressure gradient prevents
the flow from separating at all. The degree of suppression appears to be
slightly dependent on lip thickness (the thin lip gives the quietest opera-
tion at Mj= 0.52).

Spectra with Internal Trip Rings

Figure 8-15 shows the very powerful effect of inserting a thin trip ring
at a point one diameter upstream of the exit plane. It was anticipated that
the trip rings, by producing a turbulent boundary layer on the inside of the
nozzle, would increase the lip-generated noise. This was generally the case
for the 1/2 mmi trip ring, but for the least intrusive ring (1/4 mm height),
the high frequency noise levels were actually reduced from those for the
"1clean" throat; the reduction is as large as 1.5 dB on overall level, for the
case with the aluminum contraction cone. This may be explained by a reduction
of tangential coherence, as discussed in Section 8.1.1.2. The 1/2 mm aluminum
trip ring height increased the noise substantially, especially over the mid-
frequency range. Intense nozzle screech is evident for the largest obstruc-
tion height. The characteristic screech frequencies agree well with predic-
tions based on the vortex feedback model discussed in Section 8.1.1.3 (Fig-
ure 8-9).

Production of Internal Turbulence

In order Lo examine the role of upstream large-scalL' turbulence on the
nozzle excess noise, two methods of turbulence generation were attempted:

I. A series of inward-protruding thin airfoils distributed around a
ring one diameter upstream of the exit plane, and placed at 100
to 120 angle of attack (i.e., a vortex generator). Adjacent blades

were pitched at opposite angles.
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2. A 10-diameter long extension section was installed between the con-
traction cone and the tip nozzle.

Figure 8-16 shows the effect of introducing the multivaned vortex generator
into the nozzle. At low jet speeds, the device increases the excess noise
quite significantly, over the frequency range from 10 to 100 kHz. However,
at intermediate speeds (Mach No. = 0.68), the low frequency jet noise is
actually reduced somewhat ~.Perhaps the vortex generator, by introducing
random turbulence into the flow, destroys the coherence of some fundamental
jet noise producing mechanism (e.g. collapse of ring vortices at x/D =4-6 )

On the other hand, the high frequency noise is increased, probably because of
enhanced dipole mechanisms associated with the vortex generator blades.

Spectra obtained with the 10-diameter tube extender (Figure 8-17) show
that, compared with the baseline nozzle data, the tube extender appears to
reduce the high frequency noise above 20 k~iz quite significantly (by as much
as 6 to 7 dB at 80 kHz). Below 20 kHz, the shapes of the two types of
spectra are quite similar with the extender nozzle still being 1 to 2 dB
quieter (the exit plane stagnation pressure was again held equal to that of
the standard nozzle).

Apparently, the thick turbulent boundary layer produced by the tube
extender reduces the initial shear of the developing jet, and thereby achieves
some significant suppression of the high frequency jet noise. This factor
must strongly override any tendency for an increase in lip noise due to the
internal turbulence.

8.1.1.6 Results/Causality Correlation Measurements-Lip Source
Strength in Axial Direction

Figure 8-18 shows typical correlation plots for the 1/2 mm trip ring
installed. Positions 1, 2, and 3 refer to transducer locations at z =-2.6 mm,
-4.9 mm, and -6.55 mm (upstream of the nozzle lip). At position No. 1, the
normalized causality coefficient Rpsp reaches values of about 0.17, indicat-
ing that a substantial fraction of the total 900 jet noise is coming from
that region of the lip. As the transducer point is moved further upstream,

-~ - the correlation "blip" shifts to later time delay and weakens. At position
No. 2, the source strength goes slightly negative. At position No. 3, the
slope of _ s is essentially zero, indicating negligible sound radiation from
this point.

The axial source information for separated internal flow is illustrated
in Figure 8-19.

To make sure that the head loss of the vortex generator did not reduce the
effective jet speed, the centerline total head at exit plane was maintained
at the same values as for unobstructed flow cases.
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Correlation Strength in Tangential Direction

The data for the far side of the nozzle ( 1800) and axial position 1
shows a large negative slope at the required offset time (see Figure 8-20).
Since cos 0 is positive for 90*<101<1800 this region is also one of positive
source strength, in accordance with equation (381). Taking slope data from
the correlation plots and multiplying by cos 0, yields a tangential source
distribution function of the appearance shown in Figure 8-21.

dS /lip

Figure 8-21. Source Strength Variation with ~

The source strength is evidently concentrated in the region between
±450 on the near side, and between ±1350 on the back side of the nozzle.
The back-side source strength is about 60% of that for the near side. The
correlation coefficient drops approximately 0.13 on the back side (from 0.17
for the near side). These observations suggest that convection, shielding,
and/or refraction must somehow reduce the radiation efficiency of lip noise
generated on the far side of the nozzle.

Source Strength Data for "Clean" Nozzles

Correlations were taken for the three axial positions nearest the exit
plane and for * - 0, using the basic fiberglass cone and aluminum tip nozzle
at M - 0.52. In order to detect any significant cross-correlation. the inte-
grating time had to be tripled, relative to that for the autocorrelation
functions. The maximum value of R"pesp is about 0.008 on the near side of the
nozzle. There is evidence of a slight source strength (slope) for position 1,
but nothing significant is noted for positions further upstream. A periodic
ripple occurs on the cross-correlation function with a dominant period of
about 70 Us (frequency of 14 kHz). There is nothing particularly prominent
on the acoustic spectrum however, at this frequency.
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Tangential data were also taken for the "clean" nozzle case with 0
varying from between 150 and 1800 for axial location 1. The maximum corre-
lation coefficient is somewhat higher on the back side (contrary to what one
would expect), reaching a value of about 0.02 at * - 180*. Here also, a
noticeable negative slope at indicated a definite source strength. In this

case the characteristic period is about 150 P sec, for an indicated frequency
of 6700 Hz.

The values of overall p2 within the nozzle are somewhat dependent on
angular orientation of the tip nozzle ( ). This dependence is spatially
repeatable, suggesting that a degree of nonaxisymmetric separation occurs
inside the nozzle due to slight imperfections at the junction between the tip
nozzle and contraction cone. If such separation occurs, the low frequency
ripples in the cross-correlation functions are explainable (however, their
acoustic radiation potential would have to be very weak). On the basis of
the very small correlation coefficients detected with the unobstructed
(optimum) nozzle, it is concluded that very little noise appears to come from
the nozzle lips in this case, and that the transitional lip noise mechanisms
discussed in Section 8.1.3 (Figures 8-4 and 8-5) are probably not operative
(unless they are occurring above 100 kHz).

Estimates of Lip Noise Fractions

The overall intensity due to lip noise can be deduced by carrying out
the surface integral in equation (380) evaluated at T = 0:

Cos -PP (T) dS = dS dS (396)Plip w 4 _r0a°  f o aT S- psp(

S S

(Note that cos * = cos c sin 0, and also that a/aT PsP(T) also varies approx-
imately as cos 0 (see Figure 8-22).

Thus,

-sine [acos 2. (397)

Plip 47rra 0 a - dS 39tmax S
at 0-0

(cos2 dS D ii __

f 4 2 -8
S

Evaluation of equation (397) is expected to give an upper bound estimate of

the lip noise intensity in any direction a..
66
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If X f aT where T is a typical period of the causality correlation function
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If the lip noise fractions for various nozzle operating conditions are
plotted, Figure 8-22 results.

At very low Mach numbers,P7 is almost entirely due to lip noise for
cases of disturbed nozzle flow ( e. the lip noise fraction tends to unity).

8.1.1.7 Conclusions

On the basis of the correlation experiments, it is suspected that the
excess noise for an ideally contoured nozzle with laminar boundary layer is
likely to be generated outside the nozzle, as a consequence of turbulence
evolution from a laminar shear layer. The estimate for the "clean" nozzle
case (Figure 8-22), predicts no more than 0.2% lip noise, as an upper limit.

However, in the presence of internal separation, or a turbulent boundary
layer, genuine lip noise is indicated by the experiments, and may approach
a substantial percentage of the total jet noise, especially for jet Mach
number less than 0.5.
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8.1.2 The Effect of External Flow

8.1.2.1 Background

The degree of jet noise contamination due to nozzle "lip" noise measured
for an optimum contoured round model jet nozzle is presented in Section 8.1.1
as a function of Macb number for various conditions of nozzle flow. This
section examines the possible effects of a slower shrouding stream on the
radiated lip noise. If the shear layer instabilities are altered, the pres-
sure fluctuations at the nozzle lip will be affected, and, therefore, the
resultant acoustic radiation. If the effect of secondary flow is important,
the following items are of interest:

" The forward-flight effect on the lip noise of a single round noz-
zle, and how it varies with flight speed.

" Changes in the mechanisms of lip noise and in their distribution
plus the relative importance of each.

" The importance as a baseline mechanism of nozzle lip noise as the
edge-length of a multielement nozzle is progressively increased.

8.1.2.2 Possible Noise Mechanisms with External Flow

In the case where flow velocities on either side of the surface are
relatively equal (Figure 8-23), a row of countercirculating vortices de-
velops from the narrow wake behind the lip (classical vortex street):

T +26' 
V

SV

'4 Figure 8-23. Vortex Shedding from Trailing Edge.

The abrupt change of boundary condition at the trailing edge provides a
"hinge point". HLere, the wake oscillates sinusoidally to form new vortices
under the influence of their downstream predecessors. The Kutta condition is
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not maintained at every instant, leading to a concentrated unsteady force
fluctuation at the trailing edge of the nozzle.

At low Reynolds numbers (but > 40), the oscillation is very discrete and
the accompanying force fluctuation is quite sinusoidal, at a frequency of:

V.
f -0.2 -a- (401)t+26'

Here, t is the lip thickness at the trailing edge and 6' is the displacement
thickness of the approaching boundary layers. The spacing between the vortex
cores is about 2.5 (t + 26'). As the Reynolds number is increased, the
shedding frequency becomes less discrete; the spectrum of the resulting force
field is broadened and weakened substantially. This is because the parent
shear layers become turbulent more quickly, so that the regularity of vortex
birth is reduced. Nevertheless, the vortex-induced force field remains quasi-
regular at the Strouhal frequency for Reynolds numbers as large as 100,000.

When the fluid streams on opposite sides of the lip are of dissimilar
velocities, the vortex street is unbalanced; i.e., vortices induced by the
rolling up of the shear layer on one side of the surface will be stronger
than their counterparts from the opposite shear layers. There is not much
information available on the consequences this may have on the regularity of
shedding, nor on the magnitude of the force fluctuation at the lip. The
imbalance of circulation may cause the wake to deflect laterally in its early
stages, or perhaps to degenerate into a turbulent mixing layer quicker than
usual. This should reduce the coherence and intensity of the lip pressure
field and any consequent noise. However, there is little experimental infor-
mation on this point. A better understanding of this problem would be
extremely useful in assisting interpretation of the effects of forward
flight, internozzle ventilation, and bypass flow on the performance of multi-
element suppressor nozzles.

8.1.2.3 Experimental Technique

The causality correlation technique is used, where nozzle surface
pressures are correlated with far-field sound pressures. In this test
series, a two inch diameter primary nozzle with a standard STA contour was
instrumented with 12 miniature Kulite transducers, located as shown in
Figure 8-24. The placement of the far-field microphone array is also shown
in this figure.

The test series was conducted at the General Electric Jet Engine Noise
Test Site (JENOTS) where the 2-inch primary nozzle was mounted coaxially in
the existing 12-inch diameter freejet nozzle (Reference 72).

672



-90
°

-60°

-1 0 0

S193"
.345"

.5 10"

KULITE TRANSDUCER LOCATIONS

MICROPHONE LOCATIONS

ALL 15.75' FROM EXIT PLAN

1500 
45~b ' 0

120 °  600

105
°  90 

°  75
°

KULITES 1-6- INSIDE SURFACE

o 0 KULITES 7-12 - UTSIDE SURFACE

Figure 8-24. Nozzle Transducer and Far-Field Microphone Locations.

9 0

/
673



Both the primary and the external air streams were unheated. The
following flow combinations were investigated:

Primary Air External Air
Velocity, Velocity,

Test Point ft/sec ft/sec

1 607 0
2 583 98
3 589 180
4 589 261
5 816 0
6 806 90
7 805 193
8 811 276
9 1019 0
10 1008 124
11 1012 183
12 1015 297
13 374 307

Each data set was recorded simultaneously on a 28-channel FM Honeywell
tape recorder with frequency response conforming to IRIG standards for Wide
Band Type I (0 to 40 kHz at 60 ips). Data tapes were substantially played
back using a compatible Honeywell tape recorder to signal processing instru-
mentation.

8.1.2.4 Results/Far-Field Spectra

The radiated noise spectra for each test point at the +900 field micro-
phone have been superimposed in Figure 8-25 to show differences more clearly.
At test points which do not include external airflow (test points 1, 5, and
9) the resulting spectrum shape is relatively smooth, and typical for "clean"
jet noise. The "ripples" at low frequencies result from ground plane reflections
for most of the remaining test conditions, however, the spectra show a strong peak-
ing tendency near 150 11z and 2000 Hz. This excess noise is thought to be due
to an extremely noisy, choked valve in the external air supply system. Since
this noise rises above the legitimate jet noise, particularly at low primary
velocities (i.e., 500 and 808 ft/sec) the valve noise dominates the overall
RMS sound pressures at the field microphones. Thus, the normalized correla-
tion coefficients between nozzle surface pressures and the sound pressure
fluctuations at the field microphones could be affected, significantly and
adversely. If there is coherent valve noise propagating through the system
with frequency content in the vicinity of 2000 Hz, it could mask any legiti-
mate lip noise correlation.

The degree of "valve noise" contamination can be appreciated if the
OASPL at 900 is plotted as a function of velocity ratio and compared with a
similar uncontaminated case. This has been done in Figure 8-26, for each of
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the three primary velocities tested. The present data are compared to results
for identically sized primary and secondary nozzles recorded at JENOTS and which
are apparently free of valve noise. As the velocity ratio is increased, the
shear is reduced and the OASPL is reduced. The valve noise effect however,
boosts Hie OASPI. as secondary flow Increases, thereby causing errors as
large as 10 to 15 dB. This appears to be especially severe at the lower
primary velocities.

At test point 13, the primary and secondary velocities are almost equal.
As the shrouding velocity approaches the primary velocity, the effectiveness
of the shrouding flow in reducing shear generated noise is gradually over-
shadowed by the basic noise of the larger (12-inch diameter) shrouding jet.
A 12-inch diameter jet produces a sound pressure level at least 15 dB higher
than a 2-inch diameter jet, for the same nozzle velocity. Nevertheless for
test point 13 the combined level should be about 73 dB, not 89 dB as indi-
cated on Figure 8-26.

One might speculate that the 2000 Hz energy is being produced due to
regular vortex shedding at the nozzle lip. For test point 13, however, the
Strouhal frequency could not be much less than 40 kHz. Furthermore, the
frequency of vortex shedding noise should be highly dependent on the primary
jet velocity. The data of Figure 8-25 show no evidence of such behavior.

8.1.2.5 Results - Nozzle Surface Correlation Measurements

Axial Direction - Figure 8-27 shows cross correlations between two
Kulite transducers on the outside surface of the nozzle for three different
external flow velocities. At the lowest external flow, the 2 kHz valve noise
gives a definite ripple to the correlation function. At higher flows, a
shifted correlation peak is observed which is equivalent to a convection
speed of about 0.8 Vj . Typical time scales can be estimated from the
autocorrelation functions at the bottom of Figure 8-27. In turn, length
scales can be estimated from the product of convection speed and typical time
scale. Results for the external flow velocity of 261 ft/sec indicate an
axial length scale of about 0.13 inch (surprisingly, the length scale appears
to get smaller as the external velocity diminishes).

The pressure field on the inside surface of the nozzle is correlated
over very small axial lengths in Figure 8-28. The dominant time scale taken
from autocorrelations is governed by extremely high frequency energy result-
ing in time scales of about 10 ps. Typical convection speeds tend to be
slower than in the external flow, ranging between 0.5U and 0.8U I . Length
scales are less than 0.050 inch. The peculiar double-humped shape of the

k 4 correlation at highest primary velocity is probably also present for the
other flow cases at negative time delay. It suggests that the boundary layer
inside the nozzle is so quiet that acoustic disturbances traveling upstream
in the shear layer can produce an additional, superimposed correlation which
is as significant as the correlation due to downstream-traveling distur-

bances in the boundary layer.

Kulite No. 10 and 11 are separated only by 0.132 inch (see Figure 8-24).
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Tangential Direction - Figure 8-29 shows the degree of tangential co-
herence on the inside surface of the nozzle. The correlations are slightly
larger for faster flow, but the effective tangential correlation scales are
still less than 100 in tangential extent.

The tangential correlations are stronger on the outside surface of the
nozzle, with an integral tangential scale extending about 150 (see Figure 8-
30).

8.1.2.6 Results - Causality Correlations

The attempted correlations of Kulite (source) signals with microphone
(far-field) signals, with appropriate time delay, show no significant corre-
lation between suspected genuine sources of lip noise and the far-field
microphone for all cases tested. For cases with external flow, correlations
between the outside surface transducers and far-field microphones appeared to
be dominated by valve noise at 150 Hz and 2200 Hz, as Figure 8-31 indicates.
Upstream disturbances, such as valve noise, appear to propagate down the air
supply piping and are sensed by the Kulite transducers as they pass by. At
the acoustic time delay between the Kulites and the far-field microphones,
correlation occurs. The valve noise (a legitimate excess noise source)
appears to be emanating from the exit plane region.

8.1.2.7 Conclusions

The precise effect of external flow on generation of lip noise is not clear
due to the valve noise contamination, but the following can be stated:

0 The turbulent pressure field on the exterior nozzle surface near
the exit plane is much less affected by the external flow. This
may be because the axial length scales are smaller inside the
nozzle, so that the pressure taps do not record significant dis-
turbance events arising from external flow effects.

. It appears unlikely that sources on the nozzle surface of a
smoothly contoured jet constitute an important noise source. This
is especially true on the interior of a properly contoured nozzle,
where the boundary layer exhibits vary low levels of pressure

fluctuation (<0.3% of the jet dynamic pressure).
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8.2 PARTICLE/FLUID INJECTION

A comprehensive literature survey of the physical mechanisms and practical

implications of the possibilities of suppressing jet noise by the addition

of solid particles, liquid droplets, and foam was carried out. The three

most pertinent literature sources are references 120, 121, and 122.

8.2.1 Physical Mechanisms of Damping

Attenuation of sound occurs for a solid particle additive because the
velocity of the solid particle "lags" behind the gas velocity (leading to an
effective drag force exerted by the particles on the gas) and because the

temperature of the particle lags behind the gas temperature.

An attenuation per unit wavelength is obtained due to these two mecha-

nisms which peaks at a frequency of fv = 3o p/m for the velocity lag mecha-
nism and at a frequency fT = 2o k/m cs for the temperature lag mechanism;
where o = particle radius, p = coefficient of viscosity of gas, m = mass of

individual solid particle, k = coefficient of thermal conductivity of gas,
and cs = specific heat of solid particle. The peak value of attenuation/unit

wavelength for the velocity mechanism is (7/2)K, and the peak value for the

temperature lag mechanism is (7/2) (Y - 1)K Cs/Cp; where K = ratio of density
of particulate phase/gas phase, y = specific heat ratio of gas phase, and cp =

specific heat at constant pressure of gas phase. The variation with frequency

of the attenuation/unit wavelength is given by 2 (f/fv) [I + (f/fv)2 ]- 1 and

2(f/fv)[1 + (f/fT)2 ]- 1 times the peak values, respectively, for the two
mechanisms. The above results assume the validity of Stokes law for the

drag exerted by the particles on the gas and associated Nusselt's numbers of
unity for the heat transfer between the gas and particulate phase (which
should be quite reasonable for small particle sizes and the acoustic damping

problem). For the acoustic damping problem, the relevant velocity on which

to calculate a relevant Reynolds number is the acoustic particle velocity,
the relevant length scale is the particle radius, and hence the relevant
Reynolds number is small enough to justify the use of Stokes drag law and

Nusselt's numbers of unity.

The above two mechanisms are operative for liquid droplets capable of

phase change, but in addition, a low frequency attenuation peaked at a
frequency kI fT appears, where kI = liquid mass fraction. It is essential
for the liquid droplets to be able to retain their integrity as liquid drop-

lets in order for this mechanism to be operative.

Attenuitiin by foams was studied and reported in Reference 122. Foams
k4 are basically an agglomeration of gas bubbles separated from each other by

thin liquid films. They can provide high frequency (on the order of 5 to 6

kHz) absorption at the resonant frequency of oscillation of the gas bubble, but
again, require a gas temperature low enough to avoid evaporation of the liquid
films to be effective.
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8.2.2 Practical Implications

There do not appear to be any promising, practically useful techniques
for reducing heated jet noise by the use of foam or particle additives
(either by solid particles or by liquid droplets). Solid particles or foam
yield some attenuation in the kHz range which is not of interest for jet
noise. Foam will not retain its integrity in a hot flow, being basically a
collection of gas bubbles separated by thin liquid films. A promising
technique for low frequency (i.e., audio frequencies) noise suppression in
cold gas flows, such as occur in jet engine inlets or in the fan, is the use
of liquid droplet addition. The storage requirements of liquid appear
prohibitively large, however. For example, the authors calculate that to
suppress fan noise from a three-engine DC-10 to achieve 5 dB/m suppression
(roughly what acoustic treatment yields currently) during a two minute
takeoff maneuver, something like 3000 kg of water would have to be carried
aboard. Of course with a hot jet flow, the droplets would vaporize instantly,
negating all three mechanisms of attenuation cited previously.
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8.3 ORDERLY STRUCTURE

Certain studies have suggested that in jet flows, the unsteadiness,
which is normally termed "turbulence" and hence considered a random, dis-
organized process, may be characterized by a hitherto unsuspected degree of
coherence and order. Generally, experimental evidence of such order has been
confined to rather low Reynolds number cold jets. The basic nature of this
jet noise program dictated an effort, primarily experimental in nature, which
was formulated and conducted under the direction of Dr. J. Laufer at the
University of Southern California (USC).

The present investigation examines two aspects that may permit the jet
noise suppressor designer to attain lowe~r noise levels, (1) mixing enhance-
ment, and (2) redirection of the radia.lon pattern. The first item can be
obtained by choice of an appropriate iozzle configuration (e.g. mechanical
suppressor) or by introducing certain types of perturbations into the flow
that will change the turbulence levt 1 and/or mean velocity distribution at
the nozzle end. The main idea motivating the second item is an attempt to
minimize the noise radiated in certain azimuthal directions by using asym-
metric nozzle shapes. In formulating the experimental program, it is of
great advantage to make observations of both the jet flow itself and its
noise field. The choice of visual technique (flow field study) and micro-
phone setup (far-field noise) proved to be a fortunate one, since a number of
conclusions could not have been arrived at without this procedure.

In particular, one is interested to know whether or not the vortex
pairing process, clearly in evidence from visual studies, has an important
bearing on the radiation process. The results contained herein cannot give a
conclusive answer, although one can make certain conjectures on the basis of
the near and far field observations that indicate such a connection is
possible.

8.3.1 Facilities and Equipment

8.3.1.1 Anechoic Chamber

A detailed description of the USC Anechoic Facility can be found in the
Task 1 Final Report (Reference 123). Figure 8-32 shows a schematic drawing of
the layout Of the facility. Figure 8-33 is a schematic of the stilling
(plenum) section and nozzle.

8.3.1.2 Water Jet Apparatus

The water jet consisted of a stilling chamber and detachable nozzle
(Figure 8-34). The axisymmetric nozzle has a contraction ratio of 16:1 and
an exit diameter of 1.5 inches. Jet exit velocities ranged from about 5
inch/sec to 15 inch/sec; the corresponding jet Reynolds numbers were 5,000-
15,000. The thickness of the laminar shear layer, 6, at about 1 cm down-
stream from the nozzle exit was,

686U



Anotheic Chamber

SInstrumeetstlem
Area

L4------

VIVIAN HALL OF ENGINEERING

Figure 8-32. Jet Noise Research Facility at USC.

687



0.
C Io

co

0.

C12

in Q

I to

j FI

68



DYE- INFLOW
INJECTION -

0
00

00
0
0
0
00

('a 5
cv STRAWS

w

DYE---a
INJECTION 5

Figure 8-34. Water Jet Stilling Chamber and Nozzle.

689



6/D z 4vR

The coefficient 4 was determined by measuring the frequency of the initial
unstable wave, and utilizing the theory of Michalke(12 4 ) to determine the
shear layer thickness. This value agrees with direct visual observations
(hydrogen bubble traces), and is consistent with the value found by Crow and
Champagne(1 25 ). The turbulence level was measured on the jet centerline just
upstream of the nozzle exit with a hot-film anemometer. The rms longitudinal
fluctuation was about 0.005 Uj, at a jet speed of 5 inch/sec, and was somewhat
lower at higher jet speeds. A schematic of the entire jet apparatus is shown
in Figure 8-35. In operation, the jet is immersed vertically in a large
tank. Flow rate through the jet is monitored by a Fischer-Porter flow meter.
The jet is supplied by gravity feed from a second tank overhead. The supply
tank is fitted with an overflow tube and a pumped return from a lower sump to
maintain constant supply head. When desired, artificial disturbances could
be introduced by periodically constricting the jet supply tube. This was
done in a controlled manner to produce rms fluctuations in velocity of
between 2.5 and 3.5 percent of the mean jet exit velocity over a wide range
of forcing frequencies.

8.3.1.3 Nozzle Configurations

In addition to a single axisymmetric nozzle, a number of other configura-
tions were used in both the air and water facilities.

An elliptic nozzle with a 5 to 1 aspect ratio is shown in Figure 8-36.
It was fabricated with molding plastic and could be attached to the settling
chamber of the air as well as the water facility. It was designed to have,
essentially, a constant cross-sectional area along the downstream half of its
length and equal to a 1.0-inch diameter circular jet.

The contours of the 1/2-inch diameter nozzle and the 1/2-inch diameter,
2-foot long pipe nozzle are shown in Figures 8-37 and 8-38. They were used
in the air jet facility. In order to generate a rough pipe flow, the first
half of the pipe nozzle inner wall was lined with coarse sandpaper.

In addition to the elliptic nozzle, the water jet facility utilized the
following configurations: a 1.5-inch diameter axisymmetric nozzle into which
a trip ring could be inserted to thicken the initial mixing layer, a single
axisymmetric jet with exit plane inclined 450 to the jet axis and a 7-tube,
hexagonally packed array of jets with 2 diameter spacing between jet axes
(Figure 8-39).
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8.3.2 Experimental Procedure

8.3.2.1 Far-Field Intensity Measurements

Acoustic far-field measurements were performed in the USC anechoic
chamber. Ten B & K microphones were mounted at a distance of 90-inches from
the nozzle exit on a curved pipe forming an arc centered at the nozzle exit,
as shown in Figure 8-40. These microphones were arranged at different angles
from the inlet axis (01) as depicted in Figure 8-41. A mixture of 1/2, 1/4,
and 1/8-inch microphones were used depending on the noise intensities at
different angles. These were carefully noted so that proper free field
corrections for the different microphones used could be incorporated in the
data analysis.

During each run, the room temperature, pressure, and humidity were
recorded to give detailed information of the environment under which the data
was taken. In addition, the settling chamber pressure and temperature were
recorded on the strip-chart recorder for jet exit condition calculations.
For the long pipe flow cases, the jet exit conditions were calculated from

pitot tube measurements at the center of the pipe exit. The settling chamber
pressure was maintained to within ±3% of the operating pressure. The micro-
phone signals were recorded on the 14-track Hewlett-Packard tape recorder.
Before the measurements were made, sinusoidal signals at a number of selected
frequencies were recorded on tape first for obtaining the frequency response
of the recorder. After each run, the microphones were calibrated with the B
& K 4220 piston phone, and the background noise (both acoustic and electronic)
was also recorded on tape with the jet turned off, with the same gain setting
of all instruments to ensure that for each case the data obtained for jet
noise are not influenced by the background noise.

The far-field noise data reduction was carried out using a General Radio
1921 Real-Time Analyzer to give 1/3-octave spectra. By means of a tape speed
reduction of 4, the frequency range covered was from 160 Hz to 80 kHz.

8.3.2.2 Directional Microphone Measurements

Axial source strength distributions along the jet axis have been taken
for the 1/2-inch nozzle, the 2-foot long smooth pipe and the 2-foot long rough
pipe cases using the reflector type directional microphone system described

in Reference 125 and schematically illustrated on Figure 8-42. The reflector
was located at the nozzle or pipe exit plane at a distance of 81-1/2-inches
from the jet axis. The reflector was rotated by an automatic controller to
scan along the jet axis. There were 64 scanning points along the jet axis

k4 starting from about 10 diameters upstream of the jet exit plane to some 40
diameters downstream. At each aiming point, about 6 seconds of data were
recorded on magnetic tape. In addition a voltage from the automatic controller,
which is proportional to the tangent of the complementary angle between the
jet axis and the reflector axis, was also recorded for subsequent determina-
tion of the aiming position. Using this voltage, it was found that the
aiming position could be determined to within 1/8 inch.
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Figure 8-40. Interior of USC Anechoic Chamber.
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The stagnation pressure was monitored by a Validyne DP15TL pressure
transducer and recorded on a Gould Brush 220 strip chart recorder. After
each run, the microphone was calibrated by means of a B & K 4220 piston
phone, and the aiming points were determined by sighting targets placed at
several known distances from the jet exit.

As discussed in Reference 126, for a semiquantitative analysis of the
data (and without using the elaborate mathematical inversion to obtain the
axial source strength distribution) a filter amplifier can be incorporated to
counteract the frequency discrimination of the gain of the reflector, and
analyze the data in 1/3-octave (or percentage frequency) bands. A schematic
diagram of the instrumentation set-up for data acquisition is shown in Figure
8-42. The frequency response of the filter amplifier is shown in Figure 8-43.
The filtered signal was recorded at a tape speed of 30 ips. This adequately
covered the frequency range of 150 Hz to 100 kHz dictated by the low fre-
quency cutoff of the anechoic chamber and the upper frequency limit of the
1/8-inch B & K microphone used.

To determine accurately the frequency response of the recording and data
reduction instrumentation, a set of equal-amplitude sine waves at different
frequencies was recorded in the beginning of each reel of magnetic tape.
After the data were recorded, the microphone was calibrated by means of the B
& K 4220 piston phone and the output signal was recorded on tape so that a
conversion from electrical signal to acoustic pressure could be made directly.

During the scanning process, a pulse was available from the automatic
controller at the start of each step. This pulse train was recorded on a
separate FM channel for identification purposes in the data reduction pro-
cedure.

For the set of experimental results reported here, the recorded data

were processed by analogue. A 1/3-octave spectrum was obtained of the
acoustic signal. for each aiming position of the reflector using a General
Radio 1921 Real-Time Analyzer. By means of a tape speed reduction of four,
the frequency range covered was from 150 Hz to 80 kHz. Since the reflector
microphone has poor focusing ability below 1 kHz, the useful frequency range
of the reduced data is from 1 kHz to 80 kHz. An 8-second integration time
was used which corresponds to 2 seconds in real time. From these spectra,
cross plots of intensity in frequency bands as a function of aiming point
could be generated.

8.3.2.3 Flow Visualization

For the water jet experiments, the flow was visualized by using a dye or
hydrogen bubbles.

Dye could be introduced at the top of the stilling chamber, to color the
entire jet column. Information on jet spreading rates in the region 0-10
diameters downstream was determined from photographs of the dyed jet. The
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dye used was common red food coloring. it is a convenient coloring agent
because it can be removed with ordinary household laundry bleach. After
each injection of dye tbe tank could be cleared of color in a few moments,
thus, eliminating the costly and time-consuming task of draining and re-
placing the water.

Hydrogen bubbles were also used. A thin platinum wire was placed across

the exit plane and pulsed periodically to produce a sequence of lines. By
trial and error it was determined that 0.002-inch diameter platinum wire at
voltages of about IOOV produced the best results. This wire is small enough
to give the disired quantity of microscopic bubbles, and yet strong enough to
withstand normal use. An axial slice of the jet was illuminated using a
commerical spot lamp and a vertical slit; the arrangement is sketched in
Figure 8-44. The room must be completely darkened to provide good contrast
between bubbles and background. Even so, obtaining enough light is a problem.
Shutter speeds were normally 1/250, using a Nikon F camera with f 1.4 lens.
The Tri-X film was pushed to approximately ASA 3000 by a special developing
technique. Photographs of the bubble traces give a good qualitative picture
of the jet flow field in the region of 0 to 4 diameters. In certain regions
of the flow field, instantaneous velocities were obtained by measuring the
spacing between lines.

8.3.2.4 VariaLion of the Initial Flow Conditions by Artifical Means

Since a very limited amount of information is available on the effect of

initial flow conditions on the development of a turbulent jet and on the
radiation field, a number of different ideas have been explored using the two
facilities.

Change of th'i _,,itial Shear Layer Thickness

In the air facility, this was accomplished by the use of a 48-diameter
pipe nozzle. It is estimated that the boundary layers developing along the
pipe wall are merged at the nozzle exit and the velocity distribution at the
exit corresponds to that of a fully developed pipe flow. The measured center
velocity at the exit is 867 ft/sec.

In the water jet facility, limited space prevented the use of a pipe
nozzle and, instt-ad, a corrugated trip ring was placed 1/4-inch upstream of
the nozzle exit. The square corrugations protruded from the wall approximately
one boundarv lIver tiickness (1/16-inch), and were separated around the
perineter of the ring by 1/16-inch spaces. At the low jet Reynolds numbers
used for the visualization experiments, the trip ring did not produce a fu.,ly
turbulent boundary layer at the nozzle exit. It did, however, increase the
initial shear layer thickness by about a factor of 1.5 as estimated from
photographs (and also produced noticable turbulent fluctuations in the
developing shear layer).
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Change of the Initial Fluctuation Level (Introduction of Periodic
Disturbances)

In the air jet facility, the turbulence level at the nozzle exit was
increased by the use of a "fully rough" pipe nozzle as described in Section
8.3.1. It is estimated that the turbulence level at the nozzle exit was
increased by approximately 75% over that corresponding to the smooth pipe
nozzle.

In the water facility, the fluctuations were introduced in the form of
periodic disturbances having an tins amplitude between 2.5% and 3.5% of the
jet exit velocity. This was done by periodically constricting the jet supply
tube at a known frequency and amplitude. Such periodic constrictions caused
the flow in the jet nozzle to exhibit a small, unsteady component which was
in phase over the jet cross section. To maintain constant velocity fluctuation
amplitude at the jet exit plane required a different amplitude of forcing for
each frequency. The response of the jet apparatus to a periodic forcing of
fixed amplitude is shown in Figure 8-45 for three Reynolds numbers (flow rates).
(These amplitude measurements were made with a hot-film probe placed approximately
1 inch upstream from the nozzle exit plane.) The velocity induced by a dis-
placement of fixed amplitude might be expected to increase linearly with
frequency as indic,.ed by the line of unit slope. This is seen to be only
approximately true, since the apparatus has a resonance at about 3.5 Hz. These
measured response curves were used to determine the required amplitude of
forcing at each frequency to keep the velocity fluctuation amplitudes within
the specified range.

8.3.3 Results and Discussion

It is important to emphasize that the results presented here should be

considered preliminary. The primary purpose of the investigation was to look
at several different cases to obtain an overview of the effect of nozzle
shapes and entrance conditions, and to discover certain trends. Emphasis is
placed upon qualitative features rather than absolute measurements.

8.3.3.1 Elliptic Jet

Before discussing the characteristics of the noise radiation in the far
field, it is useful to describe the observations of the jet flow itself.

Transition to turbulence in the elliptic jet occurs in a particularly
A violent manner that is best visualized by dying only the thin boundary layer

on the nozzle wall, as in Figure 8-46. (This was done by introducing dye
through a series of fine, (0.010-inch) slots cut through the nozzle wall just
upstream of the jet exit plane.) The vortices which form initially are
nearly two dimensional and are parallel to the major axis. At about 3 minor
diameters downstream, the corner regions literally explode and spread
vorticity rapidly into the core along the plane containing the major axis.
The overall width of the jet spreads only slowly in the plane of the major
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Figure 8-46. Dye Visualization of 5:1 Elliptic Nozzle (The Major Axis is in

View). Dye is Introduced into the Nozzle Boundary Layer at a

Jet Reynolds Number of 1325 (Based Upon Minor Diameter).
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axis; but viewed ia the plane of the minor axis, the growth is much more
rapid, Figure 8-47. The jet actually attains, at 10 diameters downstream,
its greater width in the plane of the minor axis. (Forcing does not affect
this growth rate much, although it does increase the spreading rate in the
plane of the major axis.)

Particular significance should be attached to the following three points:
(1) the jet attains a nearly symmetric character within 10 diameters from the
nozzle, (2) the interaction between neighboring vortices shows a very different
process from the circular case suggesting that the quadrupole character of
the acoustic sources is different, and (3) the large spreading rate in the
plane of the minor axis is accomplished by a strong vorticity flux into the
core along the major axis and outward in the plane of the minor axis.

The far-field noise intensities measured at 10 different directions from
the jet axis and at two azimuthal angles are shown in Figure 8-48. Plotted
on the same figure is the OASPL directivity of a 1-inch circular nozzle
operated at approximately the same exit velocity. The 1-inch nozzle,
incidentally, has exactly the same cross-sectional area as that of the
elliptic one and, therefore, the intensity measurements are directly comparable.
The result is that there is no significant difference between the three sets
of data. This is pa'rticularly true for the large (01>1400) and small (a1<1100)
radiation angles. Nevertheless, closer examination of the results, especially
the noise spectral density distributions (Figures 8-49 through 8-51) does
point to a number of differences. The radiation intensity of the elliptic
jet is larger than that of the circular jet in the range 1400>e1>1100;
this is true even in the azimuthal direction 4 = 00 where a different trend
might be expected. The higher energy radiation is occurring primarily in the
low frequency region (for all values of 01) and only at large radiation
angles at high frequency do the measurements show less intensity emanating in
the direction perpendicular to the plane of the minor axis ( = 00). These
results are consistent with the conjecture that the low frequency radiation
is associated with the pairing process of the large scale vortices which is
observed to be more "violent" that seen in a round jet; the high frequency
radiation, on the other hand, is related to the smaller scale vorticity
fluctuations that seem to have considerably larger amplitude in the direction

=900 than for 4 00 (Tables 8-1 and 8-2).

It is interesting to note that the above observations might also give a
possible explanation of the observed fact that at supersonic speeds an
elliptic nozzle is more effective in redirecting the radiated energy than at

b subsonic Mach numbers. In a recent work(127) it has been shown that a large
part of the radiated energy is generated by Mach waves ar.)und the potential
core region of a supersonic jet; furthermore, it is conjectured that the waves
are produced by the supersonically convected "turbulent bumps". It might be

.4 speculated, therefore, that on the basis of visual observations the formation
of the bumps are more numerous (and of larger amplitude) in the plane of the
major axis of an elliptic jet compared to that of the minor axis. Thus, the

* fact that less energy is radiated in the direction normal to the minor axis
might be explained by a lower intensity Mach wave radiation in that direction.
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Figure 8-47. Dye Visualization of 5:1 Elliptic Jet at Reynolds Number 5300.
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8.3.3.2 Smooth- and Rough-Pipe Cases

Far-field noise - Far-field noise spectra and intensities at 10 different
directions from the jet axis have also been obtained for these two cases.
Results of the 1/3-octave spectra are tabulated in Tables 8-3 and 8-4. As it
has been demonstrated in the other part of this program that jet noise scales
with diameter, the present results will be compared with an "equivalent" 1/2-
inch nozzle results scaled from the 2-inch nozzle data. Figure 8-52 shows
the OASPL directivities of the smooth pipe, rough pipe, and the equivalent
1/2-inch nozzle.

Since the momentum flux through the three nozzles is not the same, a
direct comparison of the intensities as shown in the figure is not possible.
Estimating the average discharge velocities in the three cases and assuming
that the intensity varies with the eighth power of the velocity (an assump-
tion that overestimates the intensity for e1>135

0 ), the intensities have been
recalculated and compared in Figure 8-53. The following interesting observa-
tions can be made on the basis of this comparison:

1. The difference in OASPL directivities of the nozzle and smooth pipe
flow is small, it is within the accuracy of the correction described
above. This is further born out when the normalized spectral
densities are compared at 0I = 160* (Figure 8-54) and a lesser
extent at el = 90 ' (Figure 8-55). In the latter case, the smooth-
pipe spectrum exhibits more low freqvLncy energy; this could pospibly
be explained by the fact that the initial shear layer thickness
near the jet exit is considerably larger for the pipe case and,
consequently, the corresponding time scales are also larger. An
even more sensitive basis for comparison is the spectral density of
the source strength distribution per unit length. Contours of
equal spectral density are shown in Figures 8-56 and 8-57. It is
seen that the two cases exhibit great similarity with the possible

exception of the low frequency range. In both distributions, the
maximum energy occurs at a Strouhal number of about 0.2 and at
approximately 7 to 8 diameters downstream of the nozzle exit.

2. Considerable differences exist, however, between the rough pipe and
nozzle data (excepting perhaps the radiation field near the nozzle
axis). The most remarkable feature of the noise field produced by
the rough pipe flow is the high frequency radiation emanating from
regions near the exit plane. Figure 8-58 shows that the most

)intense radiation occurs at Strouhal number of 0.6 within the first

diameter of the jet. The directivity pattern of the radiation is
also different, as seen in Figure 8-53.

On the basis of these preliminary measurements it would be unwise to
make general conclusions. Indications are, however, that provided the
initial mean velocity distribution is not too different from a top hat
profile, and provided the initial turbulence fluctuation levels are not

higher than those found in a smooth turbulent pipe flow, the intensity and
directivity of the far-field radiation is not altered considerably. However,
for turbulence levels of higher magnitude at the exit plane, important changes
in the character of the radiation should be expected. A monopole source
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located at the nozzle exit is one possibility that is consistent with the
measurements: it produces considerably higher intensities for 01<1350 but its
effect diminishes compared to the convectively amplified quadrupole source

intensities at larger angles.

8.3.3.3 Effect of Artificial Periodic Disturbances

The introduction of a controlled, fixed-frequency forcing has a complicated

effect on the jet which depends upon the Strouhal number of the forcing and

the jet geometry (Strouhal number of forcing is defined as Stf = fD/Uj;
where f is the frequency in Hz). From observations of jet spreading rates,

it appears possible to affect the structure of the jet by periodic forcing,
at least in the first ten diameters of the jet. The various jets respond
most dramatically to Strouhal numbers of forcing which lie in the range

between (1) an upper bound comparable to (or slightly larger than) the
Strouhal numbers characteristic of the initial jet instability (in this case
about Stf = 1.25 at Re = 5000) and (2) a lower bound of about Stf = 0.15-

0.20. Forcing below Stf = 0.2 seems to have little effect in the region
x<10 diameters downstream. In the range of greatest response, the effect of

forcing is to increase the spatial coherance of the flow. For example,
fluctuations in the spatial positions of vortex interactions are much reduced.
The spatial region along the jet column which is most strongly influenced by the
forcing occurs farther downstream with decreasing Strouhal number. That is,
forcing the jet at a frequency comparable to the initial instability has a strong
organizing influence on the flow near the nozzle exit, while forcing at a lower
frequency organizes the flow farther downstream - after an appropriate number of
pairings has reduced the characteristic frequency to a value commensurate with

the forcing. It also follows that certain lower frequencies - those which are
approximate subharmonic multiples, f./2n, of the initially unstable frequency,
fi, will elicit greater response in the jet.

Figure 8-59 shows (1) the unforced jet contrasted with two examples of
forcing (2) Stf = .88 and (3) Stf = 1.12. The same structure is present in
all three cases - in fact the interaction of vortices is even more violent in
(2) and (3). Compare, for example, the magnitude of velocities induced along

the jet axis (in the potential core) for the forced and unforced cases.

Another observation which can be made from Figure 8-59 is that, at least

in the single axisymmetric jet, the vortices seem to lose their organized
core structure in the region 4 to 5 diameters downstream. Visualization of the
flow, in which a thin layer of dye is introduced into the nozzle boundary
layer, thus marking the fluid which initially has vorticity, shows the same
result. At about 4 to 5 diameters, the vortices undergo a transformation

(possibly as a result of instability), and become much more diffuse regions

of vorticity. They remain as individual entities (Crow and Champagne used
the term "puffs"), but their interaction must certainly be different after

having lost the strongly rotating cores.

The gross influence of forcing for the various jet geometries was studied

by comparing the jet spreading rates using dye introduced into the jet plenum
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section. The boundary between jet (dyed) fluid and ambient fluid is easily
distinguished. All other details of the flow are lost, but the variations in

spreading rates are related to the location and strength of the vortex
interactions. The width of the jet at any point is taken to be the maximum
extent of dyed fluid. The points are then plotted and smoothed by eye. This
is roughly equivalen, to fitting an envelope near the points of maximum
excursion and ignoring any "holes" of undyed fluid along the irregular jet
boundary. Data on spreading rates for the five geometries studied are
described below (again it is emphasized that trends rather than numbers are

important).

Axisymmetric Jet

The single axisymmetric jet was operated with a smooth-walled nozzle and
also with a corrugated ring inserted 1/4-inch upstream from the nozzle exit

as described earlier. The data for the jet with corrugated ring showed less
scatter and will be presented; results for the smooth-walled jet show the
same trends, but have growth rates roughly 15% larger. Figure 8-60 shows the
growth of the jet (with corrugated ring) as a function of downstream distance
for a Reynolds number of 15,000. In the absence of forcing, the growth of
the jet in the first 10 diameters is well fitted by the straight line,

X-X x
0 0W/D = 0.32 ( '), - = -3.1,

independent of Reynolds number (for Re from 5,000 to 15,000). Several data

points from photographs presented in the literature are given as a comparison.
The effect of forcing is first to increase the growth rate substantially, and

later to retard growth. At 10 diameters downstream, the jet may be either
wider or narrrower than the unforced jet, depending upon the frequency of
forcing. The strength of the forced interaction, measured by the departure
from the unforced growth rate, is largest for Stf = 0.45.

Axisymmetric Jet, Inclined Exit Plane

Surprisingly, the inclination of the exit plane has practically no
effect on jet spreading in the absence of forcing. With forcing present, the
jet grows more rapidly on the lee side (the side nearest the acute angle of

the nozzle cross section). This is illustrated by photographs of the dyed
jet in Figure 8-61. Again, the larges.t interaction occurs for a Strouhal
number of qbout Stf = 0.45. The reason for enhanced growth on the lee side

is apparently related to the complicated manner in which the vortex pairing
interaction takes place. A hydrogen bubble photograph of the flow is shown
in Figure 8-62 for a Reynolds number of 5000.
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(a) No Forcing

(h) Forcing at Stf 0. 15

Figure 8-61. Spreading of Jet with Inclined Exit Plane, Re =15,000.
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7 Tube, Hexagonal Array

It is interesting to compare the spreading rate of the tube array with
that of the single jet. For this purpose, the width of the turbulent jet and
the downstream distance are normalized by the maximum width of the array at
the exit plane (equal to 5 times the diameter of the individual tubes). The
results are shown plotted in Figure 8-63. With no forcing, the multiple jet
width grows at a slightly faster rate than the single jet - at least in the
first 5 diameters downstream. The effects of forcing are somewhat different
from those of the single jet, however. At the higher Strouhal numbers, the
multiple jet initially grows more slowly than in the unforced case. Here the
Strouhal numbers are based on the diameter of the individual tubes. Strouhal
numbers based upon the maximum width of the array would be 5 times larger.

8.3.4 Conclusions

The exploratory experiments described in this report were designed
primarily to provide qualitative, basic information concerning two possible
techniques that have been suggested for altering the noise characteristics of
turbulent jets: (1) redirecting the radiation pattern by the use of elliptic
nozzle shapes, and (2) disturbing the exit flow conditions and thereby
affecting the mixing process.

The experiments with a 5 to 1 aspect ratio elliptic nozzle produced the
following results:

1. No significant differences were found in the directivity charac-
teristics of the noise intensities for subsonic jets;

2. The small but observable increase in radiation intensity around
OI 135* (for both of the measured azimuthal angles) is believed to
be caused by a different entrainment process visually observed
along the first ten diameters of the jet.

3. It is conjectured that this difference could produce a noticable
decrease in the Mach wave radiation for supersonic jets.

Several experiments have been carried out to study the effect of flow
disturbances at the exit plane.

1. If the disturbances at the exit correspond to those of a fully
developed turbulent pipe flow having an amplitude on the centerline
of about 2% of the mean velocity, only small changes in characterU of the radiation field are found. Apparently, whatever changes
occur in the mixing process due to the disturbed exit conditions
must occur only over a few diameters from the exit plane and do not
affect appreciably the radiation field. This, however, is not the

case for an exit flow corresponding to a rough pipe flow. (The
mean discharge velocity is 75% of the center velocity and the
centerline fluctuations are about 4% of the me=n velocity). In
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this case a strong, high frequency acoustic source was found to
exist close to the nozzle exit. It is conjectured that this is
produced by mass flow fluctuations across the exit plane.

2. Artifical periodic disturbances (with amplitudes of approximately

3% of the jet velocity) introduced upstream of the nozzle produced
measurable changes in the spreading rates of the various jet
configurations under investigation. The changes and the axial
location of the changes strongly depended on the Strouhal number of
the disturbances. It was possible to enhance or to inhibit the
local mixing rates of the jet. It is still to be shown whether or
not such a method could serve as a practical means to reduce the
intensity of jet noise radiation.
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8.4 EJECTOR AEROACOUSTICS

Since the mid-1950's, the concept of adding an ejector to the exhaust
nozzle of a gas turbine aircraft engine has been under investigation as a
means of suppressing jet noise. The results to date have been mixed, i.e.,
some investigators have reported 10 to 12 dB suppression with the addition of
an ejector, while others have found little or no noise reduction. A need
therefore, exists to undertake a systematic study of ejector nozzles and
understand the principal mechanisms involved in ejector nozzle operation and
associated noise emission.

A plan was formulated in the present program to examine the aeroacoustic
characteristics of ejector nozzles. An experimental investigation was
planned which would consist of a parametric study of the influence of ejector
geometric variables (ejector length, axial position and diameter) on the
acoustic characteristics for a round, convergent nozzle. Concurrently, an
analytical study was formulated which consisted of developing an existing
NASA ejector flow analysis for integration into the Task 2 aeroacoustic
modeling program. The basic plan was to utilize the NASA ejector flow analy-
sis computer program for predicting the ejector nozzle exit flow conditions,
and then use these exit flow conditions as initial conditions to a jet plume
mixing calculation, from which the noise could then be calculated. Subse-
quent comparisons of predicted and measured ejector nozzle jet noise charac-
teristics could then be made to evaluate the relevance of turbulent mixing,
convective amplification, and fluid shielding mechanisms in explaining these
characteristics.

A survey of the experimental results on ejector nozzle acoustics avail-
able in the open literature showed that, for a round, convergent nozzle, the
addition of an ejector shroud does not provide significant acoustic suppres-
sion unless the ejector length exceeds 10 to 12 primary nozzle diameters.
The results of Middleton(1 28), for example, show that the peak noise suppres-
sion is less than 3 dB for L/d < 12, where L = ejector length and d - primary
nozzle diameter. A maximum suppression of 7 to 8 dB was demonstrated for
L/d = 32. These results are shown in Figure 8-64. Practical exhaust nozzle
systems cannot tolerate ejector lengths much greater than L/d - 1.5 to 2.0, due
to the severe weight penalty incurred.

Based on the previous results obtained by other investigators [Middle-
ton(128) summarizes the early NACA work], it was concluded that additional
parametric experiments on conical nozzle/ejector systems are of little prac-
tical value. It was found, however, from the survey of previous work, that
ejectors, when combined with suppressor nozzles (e.g., lobe nozzles, multi-
tube nozzles, etc.) can provide additional modest noise reductions (2 to 4 dB)

over the bare primary nozzle levels without excessive ejector lengths.
Experimental evaluation of several suppressor nozzles with ejectors has been
carried out in Task 3 of the present program.

!A computer program for predicting the internal flow field of ejector
4 nozzle systems was developed by Anderson(l29) of NASA. This program was

provided to General Electric Company by NASA-Lewis and was subsequently

modified for use on the GE computer facilities. A computer users manual for
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the GE version was written (Bridges(13O)], and the capability for automatic
computer-plotting of nozzle flow field characteristics was incorporated (an
example of which is shown in Figure 8-65).

After exercising the ejector nozzle program for several nozzle config-
urations and operating conditions, it-was found that it had certain limita-
tions which prevented it from being a useful tool in predicting ejector
noise. Specifically, it is only applicable to primary nozzles operating at
supercritical pressure ratios which are sufficiently high so as to preclude
the occurrence of subsonic flow regions inside the ejector nozzle. No pro-
vision is made for computing subsonic flow in the primary stream. It was not
possible to obtain ejector exit plane solutions at pressure ratios corres-
ponding to engine takeoff power settings. Additionally, it is limited to
axisymmetric nozzles, so that suppressor configurations cannot be handled
with this procedure. Because of these limitations, further development of the
NASA ejector nozzle flow analysis program was not warranted, and an entirely
new ejector nozzle flow prediction procedure is not practical.

A discussion of the acoustic properties of ejectors in terms of physical
shielding mechanisms is given in Section 4.8 of this report.

736



0 0

00

Ci

730



8.5 PHYSICAL OBSTRUCTION NOISE

This section addresses the issue of excess noise that may be generated by
the placement of suppressor elements normal to the flow path, such as spokes
or chutes.

Two pertinent literature sources in this area are Gordon(1
3l)

and Yudin(13 2) which studied experimentally the noise generated by the insertion

of obstructions in pipes carrying flow. The most important conclusion reached
is that the total noise radiated by such obstructions can be successfully
correlated by the total pressure drop induced by such elements, in other
words, by a formula of the type:

3 2 2 3
P - k (Ap) Di/p ac a(402)

where P is the total noise power radiated due to insertion of the obstruction,
Imp the total pressure drop induced by the insertion of the element, D the dia-
meter of the pipe carrying the flow, Pa the density of the ambient medium and
ca the speed of sound of the ambient. k is a nondimensional constant (discussed
later).

The remarkable feature of equation (402) is that, independent of the type
of "spoiler" or obstruction element, the total pressure drop induced by the
element suffices to characterize its noise generating potential. There is no
dependence in equation (402) on the Reynolds number, although the total pressure
drop itself is a function of Reynolds number through its dependence on obstruc-
tion drag coefficient CD. Neither study reports any dependence on the flow
Mach number but this may be related to the fact that the tests were
primarily for low Mach numbers flows, i.e., M < 0.3.

Both references (131 and 132) point out that a dependence of type (402)
can be expected if a free field dipole type mechanism is postulated and if
some additional assumptions are made regarding the strength and frequency of

the free field dipole. The argument is as follows. The total power radiated
by a point dipole oscillating in a free field at frequency f and strength Fu
can be shown to be

2 2 3
P -F f /pc (403)

assuming first that the unsteady force exerted by such an obstruction is pro-
portional to the steady drag force F exerted by such an obstruction element.
In the above, F - (Ap) Dt where (Ap) is the total pressure drop produced by the

steady flow past the obstruction D, the pipe diameter and t the thickness of-q the obstruction ("t" is identified in reference 131 more with the thickness of
the wake created by the obstruction). The velocities U created by the con-
stricting effect of the obstruction will be of order vI(Wp/Pa and the frequency
f of the dipole excitation mechanism is assumed to vary as U/t. Substituting
the above into equation (403) leads to (402). Gordon credit's Tudin with this

rathe simle but effective scheme of basing the power prediction on (Ap).
Gordon 1 31  demonstrates that for a wide range of obstruction types, except for
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classical eighth power law (i.e., power - (Ap) jet noise contamination at

high (Ap), an equation of type (402) succeeds in collapsing the data. With
regard to "k", Gordon finds that for obstructions deeply embedded in semi-
infinite pipes, "k" has a value of about (2.5) • l0- . For jet noise applica-
tions, however, one is more interested in obstructions located at the pipe exit
plane. For these obstruction types, Gordon finds a much lower value of "k"
of (3) - 10- . Except for some limited test data by Gordon, there is very
little information on the case of obstructions located at the nozzle exit plane
in either reference 131 and 132.

The collapse of the power spectrum achieved by Gordon is not as satisfac-
tory as that for the total power, but he does show the following: Defining
a constricted velocity Ut by 2Ap/pa, the power spectrum on a percent bandwidth
basis (i.e., one-third octave, etc.) peaks at H(0.4) Ut/tI and varies as f3/2 from
low frequencies up to this peak value, and as f-0 .8 thereafter. Finally (at
least for low Mach number flows), the relative directivity of this noise source
is essentially very similar to that of classical jet noise at the same frequency.

Summarizing the above discussion for prediction purposes, note the follow-
ing: The total pressure drop (Ap) induced by the obstruction element is of
crucial significance and must be determined either experimentally or deduced
from prior experience. 5 The total power can then be estimated from equation
(402) with k = (3)(10! 4 for obstruction elements located at the nozzle exit
plane and k = (2.5)(10- ) for obstruction elements located well upstream (with-
in the pipe) of the nozzle exit plane. The power spectrum on a percent band-

width basis peaks at a frequency [(0.4) UZ/t] where UZ = V7APAa and t - trans-

verse thickness of the obstruction (i.e., maximum width of a chute or spoke ele-
ment, etc.). Up to the peak frequency the variation with frequency of the per-
cent bandwidth power spectrum is as f3/ 2 and subsequently as f-0. 8 . The direc-
tivity of this obstruction noise mechanism appears to be the same as that of jet

noise at the same frequency.

As noted in Section 10.0, it would be desirable to conduct further experi-
mental studies of physical obstruction noise with high velocity, high tempera-
ture flows, with obstructions located at the exit of the nozzle. A problem
may arise, however, with this high-velocity/high-temperature regime, in
separating out the contribution of physical obstruction noise from that of jet
mixing noise. A much more comprehensive discussion of obstruction noise
appears in reference 137.
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9.0 CONCLUDING REMARKS

The major thrust of Task 2 of this program has been to examine, explore,
and quantify various mechanisms thought to play an important role in the
generation and/or emission of jet noise. The approach has been to conduct
parallel theoretical and experimental studies of these mechanisms, with the
experiments specifically designed to compliment and/or verify the theoretical
results. Emphasis has also been placed on mechanisms responsible for the
suppression and reduction of jet noise.

It has been concluded that jet noise is primarily a result of turbulent
mixing processes occurring in the jet plume itself. The turbulent momentum
fluctuations produced in the shear layers of the jet are the primary source
of noise generation. The turbulent fluctuations behave as multipole
sources of sound which convect downstream with the flow. Their emission is
altered through convective amplification due to source motion, and through
acoustic shielding by the surrounding jet flow itself. For underexpanded
jets operating at supercitical pressure ratios, an additional mechanism,
shock-cell broadband noise, contributes significantly to the total jet
noise spectrum, particularly in the forward quadrant. The many experimental
and theoretical studies conducted during the course of Task 2 have pointed
to the above mechanisms as primarily responsible for the observed charac-
teristics of jet noise.

The unified aeroacoustic jet noise prediction model which has been
developed is considered to be a major product of the Task 2 effort. This
model embodies the mechanisms discussed above, and synthesizes the jet
plume as a collection of uncorrelated, convecting, turbulent-eddy sound
sources embedded in a parallel shear flow. The model, based on analytic

descriptions of both the aerodynamic and acoustic characteristics of the
jet, is capable of predicting the observed jet noise for a wide variety of
jet nozzles over a wide range of operating conditions.

Based on the data/theory comparisons made in this study for both
static and in-flight cases, it is concluded that the turbulent-mixing noise
generation/convection/shielding mechanisms, in combination with the shock-
cell noise mechanism, sufficiently explain the observed characteristics of
jet noise, at least for jet velocities higher than 1400 fps. There does
not appear to be any significant unexplained excess noise mechanism responsiblefor the observed noise changes due to flight, and in fact the above aero-

acoustic model adequately predicts these changes.

Several areas have been identified where improvements in the aero-
acoustic model would be desirable. These include (1) a better description

of the time-dependent turbulent structure parameters relevant to jet noise
(length-scale, convection speeds, correlation spectra, etc.), (2) modeling
of the base pressure effects for multielement nozzles, (3) incorporation of
initial turbulence level effects, and (4) extension of the shock-cell noise
prediction to multielement/multiflow configurations. All of these improve-
ments are possible within the present model framework.
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10.0 RECOMMENDATIONS FOR FURTHER WORK

10.1 AEROACOUSTIC MODEL

Since shock noise is known to be quite important under certain conditions,
a generalized procedure of shock noise prediction is desirable. The Harper-
Bourne/Fisher(6 9) method is restricted to the round nozzle static case. The
method has been generalized to some extent in the present report by extending
it to cover rectangular nozzles and by extending it to the flight case for
round nozzles by the use of the dynamic correction (l - mF cos ej)-4, but
much more remains to be done in terms of a general procedure applicable to
dual flow systems, suppressor nozzles, etc. It is quite probable that to
accomplish this, a simplified method to predict shock structure aft of
arbitrary nozzles will have to be developed.

The "turbulent mixing" analysis employed currently only predicts time
independence plume properties and deduces the relevant time-dependent proper-
ties needed to predict jet noise by locally applied similarity arguments.
Some of the more recent mixing analyses such as those associated with Spalding
and his co-workers are (in principle) capable of predicting quantities such
as length scales, etc. Incorporation of such methods may be warranted if
systematic failures are found with the present method in future applications.
Such a step must be taken with great caution, however, since these newer
methods would add considerable complexity and cost to the computer program
used in the present version of the method (and thus decrease its utility as
a preliminary design tool).

Much more data-theory calibration and "fine tuning" of the present
method needs to be carried out for the case of flight jet noise. This can
be done as more reliable clean flight data become available for exhaust
systems other than the round, conical nozzles.

In this report, a logical extension of Reichardt's method to allow for
nonconstant static pressure mixing has been presented. However, this exten-
sion required the specification a-priori of these base pressure variations,
and for this reason, was not exercised in the present report to predict jet
noise, even in circumstances such as small area ratio suppressor nozzles
where these effects may be important. Further work to implement this exten-
sion is desirable.

The aeroacoustic model has been used in the present task primarily as a
far-field SPL spectrum prediction tool. However, it is capable of much more
in that a wide variety of diagnostic and parametric calculations can be
performed with it. As an example, since it basically uses a "lump-of-jet"
approach (discretizes the jet plume into a very large number of small
volumes and computes the radiation from each), it is in fact an analytical

*1 source location tool. That is, it can predict which part of the jet con-
tributed what to the far-field SPL spectrum. Similarly, by running the
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program in three options, first in totality, second by suppressing the fluid

shielding terms, and third by suppresusing the fluid shielding and convective
amplification terms, one can assess in a given situation how much of the

suppression can be attributed to source reduction, how much to fluid shielding,
and how much to reduced convective amplification. By virtue of this ability
to inexpensively run large numbers of diagnostic and parametric calculations,
significant optimum design procedures may emerge. One such example already
achieved was the 54-element coplanar ;uppressor nozzle tested in Tasks 3 and
5, which was conceived by the Task 2 program.

The inapplicability of the NASA Lewis ejector aerodynamic program at

takeoff conditions prevented the extension of the present aeroacoustic model
to predict jet noise with ejector nozzles. (An engineering correlation
method of predicting ejector acoustic performance, however, is outlined in
Task 3.) Should the empLoyment of treated ejectors become d serious option

for jet noise suppression, the extension of the aeroacoustic method to

predict ejector aeroacoustics from "first principles" is recommended.

10.2 EXPER[MENTAL WORK

In application, the primary interest in jet noise is in heated jet

flows, and the bulk of the experiments reported here as well as in the
literature are for hot, high velocity flows. This poses a problem because
temperature and velcity effects are combined. More fundamentally, since
there is at present no convenieit nonintrusive instrument comparable to the
LV capable of mapping the temperature field in high velocity, high tempera-

ture jet flows, it has not been possible to check the predictions of
Reichardt's method for temperature prediction as has been possible for the
velocity prediction. Several laser techniques for temperature measurement

based on Ray]leigh and Raman scattering are under development, and as such
techniques reach the maturity of current LV capability, independent checks

of plume temporature prediction ought to be carried out. Since fluid shield-
ing is both temperature and velocity sensitive, there is a need to indepen-
de tlv measure both these quantities. Lacking such capability, additional

isothermal or cold flow tests could be included in future work (although

they are Limited in relevance and limited in the velocity to which testing
con be carrid out) without contu!sing effects due to intrusion by shock
noise.

Flow o bstruction noise, especially as related to multichute, multispoke

nozzles needs Further experimlrtal investigation.

Finally, aq LV systems develop the same low cost versatility for time-

dependent tuililence meaqurements as they currently possess for time-
independeut rneasurcment, it would be highly desirable to make such measure-
ments to chucck the validLty of the similarity arguments used currently in
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the aeroacoustic prediction method to see if these relations are correct.
Such a study may reveal that either the similarity methods are acceptable
(perhaps with revision) or that more time-consuming mixing analyses with
capability of predicting time-dependent quantities need to be developed.
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APPENDIX A

JET FLOW FIELD CALCULATION

The purpose of this appendix is to document very briefly the ideas that
were used in the turbulence mixing calculations and in the coupling of this
to the acoustic theory in Section 4.2.3. This particular development,
described by the term "slice of jet," was originally used in the unified
aeroacoustic predictions; later, it was replaced by a more sophisticated and
detailed procedure which is described in Sections 4.5 and 4.7. Because the
latter version is the current (and final) version of the aeroacoustic predic-
tion scheme, the slice-of-jet approach will be described without all the
details. The use of this approach is not recommended because it becomes
quite inaccurate at high jet velocities (- 1500 fps).

JET PLUME AERODYNAMICS

An aerodynamic prediction of the jet plume is required to provide the
strength of the noise sources. The method selected is an extension of
Reichardt's theory [Schlichting(6 8)], which basically synthesizes the complex
flows from nozzles of arbitrary geometry by superposition of a suitable
distribution of elemental round jet flows. This approach was first suggested
by Alexander, et al.(133) and applied directly to suppressor nozzle configura- -

tions by Lee, et al.(76 ) and Gross and Kendall( 7 7).

Reichardt's theory is a semiempirical one, based on extensive experi-
mental observations that the axial momentum flux profiles were bell-shaped or
Gaussian in the fully developed similarity region (suitably far downstream)
of a jet. From this observation, a hypothesis for the relation between axial
and transverse momentum flux was formulated which yields a governing equation
for the axial momentum flux. For the far downstream similarity region of a
round jet with nozzle area Aj and exit velocity Uj, the governing equation

and solution are as follows:

S<u2> 
_ )(x) a ar (Al

2 U2Uu2>) (A-1)axrr ar

jj b2

m

where

(x) m (d bm/dX) (A-3)
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and bm(x) is the axial momentum mixing region width, taken to be proportional
to the axial distance x from the nozzle exit plane,

b x) = C x (A-4)M m

The jet spreading rate Cm becomes a key parameter in the theory and is
determined experimentally. The coordinate system is shown in Figure A-i.

Because equation (A-I) is linear, the summation of elemental solutions
is also a solution. This unique feature of Reichardt's theory allows the
construction of quite complex jet flows with relatively simple mathematics.
Although more rigorous (but containing just as much empiricism, albeit in
different forms) theories are available for simple round and plane jets,
there is no other technique available which offers the capability for
modeling jet flows typical of aircraft engine suppressor nozzles such as
multitube, lobe, and chute nozzles, etc.

Consider a distribution of elemental jets issuing parallel to the x-
axis, whose exit areas lie in the x = 0 plane. Each elemental jet has an
exit area Aj = adoda, located at (u, a, 0), as shown in Figure A-I. The
axial momentum flux at a downstream point (r, 0, x) due to the elemental jet
exhausting at (u, a, 0) is given by

2 2 2 )2/b)

d-p u > = p. U2 (o do da/nr b )e (A-5)j jA-5

2 2 2
where = r + a - 2ro cos (0 - a)

Integrating (A-5), the following solution is obtained:

22 1_ f ( j 2 -/bm)2

<p u 2 r, 0, x) =( b2 U )e o do da (A-6)

b 2 f2
m

From the distribution Of (i. U') in the exit plane, the local value of <p u >

at any point (r, 0, x) can e iound from equation (A-6) by standard numerical
integratton. Assuming that the jet plume stagnation enthalpy flux H diffuses
in the same manner as axial momentum, an analogous expression for stagnation
enthalpy flis <p u H> can be derived,

<p u H- (r, 0, x) = 2 a(p U H )e h do d (A-7)

where b is the thermal shear layer width, taken to be proportional to x,

bh Ch x, Ch constant (A-8)
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1 2The stagnation enthalpy is defined as H = Cp T + f u - c To , and the
thermal layer spreading rate Ch must also be obtained experimentally.
Assuming that the jet mixing occurs at constant static pressure equal to the
ambient value, the solutions for <p u2> and <p u H> given by equations (A-6)
2nd (A-7) are sufficient to determine the distributions of mean axial velocity
u and temperature T throughout the jet plume.

In addition to the jet plume mean flow properties, the turbulent Reynolds
stress, assumed to be proportional to the transverse momentum flux, can also
be obtained. Reichardt's hypothesis [from which equation (A-l) evolved]
states that the transverse momentm flux is proportional to the transverse
gradient of the axial momentum flux, the proportionality factor being
X(x). For a simple round jet, from equations (A-2) through (A-4), the Reynolds
stress T is given by

-(r/bM)
2

T <P u V> a -P U2> = Cm  pj _U r e(A 9

m

For an elemental jet exhausting at (a, a, 0) the shear stress T at (r. 6,
x) lies along a line connecting (c, a, 0) and the projection of (r, e, x)

onto the x = 0 plane. This vector is at an angle 4 to the coordinate
direction r (Figure A-1). The radial component of the shear stress dT at
point (r, 0, x) due to an elemental jet exhausting at (a, a, 0) is then d'r =
dT cos 0. Similarly, the azimuthal component is dT0 - dT sin 0. Performing
the same summation and limiting process over all elemental jets, the total
shear stress at (r, 8, x) is then found to be

1/2
,2 12 (A-10)

where

r (r, 0, x) = 2 U (/bm)e coso do da (A-11)

Tb

and To (r, 8, x) is given by a similar expression with coso replaced by sinf.
The distance is again given by the expression following equation (A-5), and
the angle p is given by

cos4 = r - a cos(0 - a) (A-12)

The above equations provide the basic expressions for computation of the jet
plume flow parameters T, u and T for a nozzle of arbitrary exit cross-section
and exit distribution of velocity and temperature. It may be noted that, for
axisymmetric nozzles, T Tr and Te i 0. This will be the case for the
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coaxial jet problem discussed in later sections, but the more general formula-
tion is presented for completeness. The basic limiting assumptions made

were: (1) the jet plume mixing occurs at constant static pressure equal to
the ambient value, and (2) the flow is primarily axial with all nozzle exit
elements in the same plane x = 0.

NOISE INTENSITY SPECTRUM AT 900

The aerodynamic characteristics of the jet plume provide the information

required to evaluate the acoustic intensity spectrum at 900 to the jet axis
using the Lighthill-Ribner theory of jet noise. This basic spectrum provides
a good* estimate of the far-field noise spectrum at 900 to the jet axis since

sound/flow interaction effects are minimal there. Then the noise at any
other point in the far field can be computed from this result and the
directivity pattern derived in the main part of this section. The analysis
presented below parallels the work of Ribner(134) and Powell(135); especially
the work of the latter, as it relates to the use of various similarity
arguments.

The far-field mean-square sound pressure, in absence 3f sound/flow
interaction effects is given by [Ribner (1 34 ), Lighthill(4 2)]

2 xi x1 xk x£ 2 v) a2  3 3+"
2 2 611 (P v (pV vi) dy dy-

16 72 c R J at 2 at2  k  I

where (p v v ) s the fluid momentum flux (i, J) component evaluated at
vector position y' and t' and (p vk v£) is the (k, t) component evaluated at
y" and t". The retarded times t' and t" are given by (t - R'/c 0 )and (t - R"/c0) ,

respectively. Note that vi and xi denote the i components of velocity and

source-to-oser1er d~stance R, respectively. Defining separation vectors and
ime delay n = y' - y" and T = t' - t", respectively, and an eddy coordinate

y f (' + y"), the above expression may be written in the following form

<p2 > (R, 0, e) -'x i X ff.- <( vi v) v)> d1 d3) (A-13)

16 iT 2 C14 Rt TF<Pv vj (P £
0

where

xI f R cosO, x2 
= R sinS cose, and x3 = R sine sine.

In order to evaluate equation (A-13), some assumptions about the turbulent
structure must be made. Because of the lack of detailed experimental or
theoretical information, approximations are made following the pioneering

o." work of Ribner (1 34 ) and Powell (13 5).

*This statement is the most accurate for unheated jets.
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The derivatives with respect to T are assumed to be equivalent to multi-
plying by a typical eddy fluctuation frequency w relative to the moving eddy
and the integral over the separation is equivalent to multiplication by £3

where L is the eddy length scale. Thus

1i c' R if vi)> I y

Since the aerodynamic model described in the previous section provides
radial and azimuthal distributions of flow properties u, T, To, and Tr at
successive axial stations x, it is convenient to express the volume integra-
tion in (A-14) as d3y = d S(x) dx, where S(x) is the cross-sectional area of
the plume. The summation over all components (i, J) of the fluctuating
momentum stress tensor in equation (A-14) yields one term that is omni-
directional (self-noise) and another term having a basic directivity of
(cos40 + cos 2e). The latter is called shear noise; see, for example, the
work of Ribner(3 9). The shear noise shall not be discussed for the reason
given by Mani(3 7 ,38 ).

Confining attention to 0 = 900 for the moment, and referring to <p2> at
0 = 900 as the intrinsic or basic noise spectrum, it is now assumed that
<p vi vj> in (A-14) is approximately represented by the turbulent shear
stress T. In addition, the typical frequency w is assumed to be related to
, and T by the equation

w (-/p)l/2 (A-15a)

and that

t (x/u)(T/p)11 2 (A-15b)

These assumed relationships, derived from similarity arguments by Lee, et
al.(76), are consistent with the experimental measurements of Davies, et
al.(1 6 ). The basic or intrinsic acoustic pressure level is then as follows,
after combining (A-14 and A-15)

<Po >  16 c 0 R f P u(T/P dS(x) dx/x (A-16)

Equation (A-15) implies that the typical eddy fluctuation frequency at any
axial location x is given by

f _ u (A-17)
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In practice, it was found that, through model calibrations with low velocity

round jet data, (A-17) should be modified as follows:

f D/uM = 10(x/D) 4 /3  (A-18)

where um is taken to be the maximum mean velocity at a given cross section.
From equations (A-16) and (A-18), the source spectrum can be computed through
the approximation, as suggested by Powell(135)

d 2 dx d <p2,

Note that D is a characteristic length scale of the jet nozzle. For a round
jet, D is simply the nozzle diameter. For a coaxial jet, D is defined in the
main section. Substituting equations (A-16) and (A-18) into the above
expression, the following equation for the far-field intrinsic spectrum at
0 = 90* results:

d 2df/f xdM 4 f) /

<p (f) 1 /zcLRz .jlf 2 u(T/p) 7 /2 dS(x) (A-19)

To summarize the results of this Appendix, the intrinsic noise spectrum
in the absence of convection and refraction effects at 0 = 900 is obtained
from numerical evaluation of equation (A-19). This expression involves an
integration, over the jet plume cross section, of a suitable source strength
[p2 u(T/p)7/2], comprised of flow parameters, p, u, and T, which are evaluated
from the extended Reichardt model discussed in this appendix.
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APPENDIX B

RELATION BETWEEN Cm AND Ch

For an axisymmetric, round jet with uniform exit conditions, the momen-
tum and heat transport is given by

21r d/2

f(x,r, ) 2 f f e Af vdvda (B-i)

bf
0 0

where f = pu7 for momentum transport and f = puH for heat transport. The

corresponding shear layer thicknesses are bm - Cmx for momentum and bh = Chx

for heat. The variable R is given by

R2 = r 2 + V2 - 2 r v cos(*-a) (B-2)

After substituting (B-2) into (B-1) and performing some rather tedious alge-

braic manipulations, it can be shown that (B-i) can be rewritten in the

following form [see, e.g., Gliebe (136)]:

r2/b2 d/2 2 _2b

f(x,r,f) = 2 e- 2  [ 2v Io (2 r /bf e 2 /bvd (B-3)
ir bf o, ~, /f v

f ~0f

where Io is the hyperbolic Bessel function of zero order. This is an exact,

closed-form solution of Reichardt's equation for a round jet. Consider the

fully-developed region downstream of the potential core, x/d >> 1. As x/d

- , the argument of Io becomes small, and Io approaches unity. The integral

in equation (B-3) can be evaluated directly, with the approximation Io ~ 1,

to give

, e (1 -

ed2/4b 2

Again using the series expansion of ffor large x/d, this expression
.I.! i simplifies to

f~x r -fAAAf -r 2 /b 2

e x/d << 1 (B-4)
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where Aj = nd2 /4, the nozzle exit area. This is just Reichardt's (60) origi-
nal formula for the similarity region of a round jet. Note that the subscript

has been dropped because the flow is independent of 0, being axisymmetric.
Thus, for momentum, equation (B-4) gives:

2 P, uj2 Aj -r 2/b2
pu2 (x,r) = -J 

u
- A-- -r2/e m, x/d >> 1 (B-5)2
iT bm

and for heat transport,

p. uJ H A e-r2 /b2, (B-6)
PuH (x,r) = e h x/d >> 1

h

It is now assumed that the jet is incompressible (or constant density
everywhere), so that p = pj = po. The solution for i(x,r) is then approxi-
mated by taking the square root of (B-5), after having factored the density:

u(x,r) a UJ j e/ 2bM (B-7)

The solution for IT(x,r) is then approximated by dividing equation (B-6) by
equation (B-7):

b -r2 /b2  r2 /2b (
H(x,r) = Hj 2_ h e bM (B-8)

h

The turbulent Prandtl number is defined as the ratio of the turbulent

effective viscosity to thermal diffusivity,

lt
Prt = (B-9)

kt Cp

where Pt and kt are defined by

P t ,uv k t  C p v

= £!/X.r kt =(B-10)
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From Reichardt's hypothesis, equations (166) and (178), we have:

x,'2 zm 6 (6-)-nu),d z ( h) (B-11)

where Am = C x/2 and Ah = C2 x/2 . Combining equations (B-9), (B-10), andm h
(B-il), the Prandtl number can be written as follows:

C2 [ -(pu2 Ail  2 d
Pm (B-12)

Pt = Ch2 u

h 3dr JL

By substituting expressions (B-5) - (B-8) into (B-12), after some lengthy

algebra, it is found that:

Since, in general, Prt does not vary appreciably throughout the flow, equation

(B-12) provides a direct relation between Cm and Ch. Solving for Ch/Cm from

equation (B-13), the final result is obtained:

Ci
h 2 (B-14)tCm M 1 + Prt
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SYMBOLS AND ABBREVIATIONS

The material content of this report draws from various disciplines
(aerodynamics, turbulence theory, shock wave theory, acoustic wave theory,
experimental acoustics, etc.), and it is not practical to use a nomenclature
which is consistent from section to section and still conform to accepted
standard symbolism in each discipline (Section 4.2 uses the symbol b to de-
note the outer stream radius of coannular jet, for example, whereas
Section 4.5 utilizes this same symbol to denote mixing layer thickness).

Different symbol conventions are therefore given for each major section
of this report. Sections 4.2 and 4.3 deal with acoustic wave theory, which
has its own specialized nomenclature. Section 4.5 deals with aerodynamics
and turbulence modeling, so the nomenclature is again specialized. Similarly,
Section 4.6 deals with shock cell structure and associated noise, again
having a preferred symbol standard. Section 4.7, which is concerned with
tying together the salient results of sections 4.3, 4.4, 4.5, and 4.6, has
attempted to utilize a coimmon symbolism where possible for purposes of
clarity, and this convention may differ from that in any of the previous sec-
tions.
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LIST OF SYMBOLS AND ABBREVIATIONS FOR SECTION 4.2 and 4.3

A. - jet nozzle cross-sectional areaJ

a - transverse dimension of jet (also inner stream exit radius)

a i - circumferentially averaged amplitude of a ring of incoherent
aij (i-j) quadrupoles

b - transverse dimension of jet (also outer stream exit radius)

b - mixing layer momentum thicknessm

b - mixing layer enthalpy thickness
h

c - speed of sound

c - ambient speed of sound

c - specific heat at constant pressure
P

C - jet spreading rate parameter
m

Ch  - enthalpy spreading rate parameter

D - jet nozzle effective diameter

f - (= (-g2 )1 /2) shielding function (also observed frequency)

- Lighthill noise source

2
g - shielding function

G2  - modified shielding function

- Green's function for Lilley's equation

H - local stagnation enthalpy relative to ambient

1Hn(I) - Hankel function of first kind of order n

'Ai - (=/1 ) imaginary unit

I - modified Bessel function of first kind of order n.
n

J - Bessel function of first kind of order n.
n
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k, ko  - ratio of source radian frequency and speed of sound at infinity

K - radial propagation constant

+ ±
KI, K 2  - radial propagation constants

K - modified Bessel function of second kind of order n
(Ki , K 2 and K3 are also used to denote radial propagation constants)

- typical turbulent correlation length scale

M - (=U/C ) jet acoustic Mach number relative to the nozzle

M - aircraft or wind tunnel Mach number

M c  - (=Uo/C.) source convective Mach number relative to the nozzle

N - (=(U-Uc)/C.) - relative acoustic Mach Number

p - acoustic pressure

P - acoustic power of source (also used to denote Fourier transform of
acoustic pressure)

r - radial variable

r - (=r/a) inner variable

r. or r0 - turning points of shielding function

R - distance from jet (also used for outer variable in Section 4.2.1,
or to denote the ratio of inner to outer diameter for annular
jets in Section 4.2.2)

S - jet plume cross-sectional area at distance x

s - axial Fourier transform variable

- pressure source solution to Lilley's equation

St - Strouhal Number f(1-Mccos e)a/Ulj

T - jet temperature

T - ambient temperature0

t - time

U1 , U2  - velocity in inner and outer streams

/
u - axial (x-component) of velocity
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u' - fluctuating fluid velocity

U - jet axial velocity componenc relative to the nozzle

Uc  - source convection velocity relative to the nozzle

v - radial (r - component) of velocity

x - coordinate along jet axis

x' - coordinate along jet axis

y - coordinate normal to jet axis

Y - Bessel function of second kind of order n
n

z. - coordinate normal to jet axis

S - angular coordinate of elemental jet

6 - delta function

A - Laplacian in transverse variables

- jump in the radial gradient of pressure across the source point

- ratio of jet transverse dimension to wavelength

E - Neumann factor (= 1/2, 1 for n=0, > 1 respectively)
n

- particle displacement (also used to denote radiation efficiency
of the inner tubes of a multitube suppressor)

o - azmuthal angle

0 - angle with respect to the jet axis (also used to denote the

azmuthal angle in Section 4.2.1)

- integral of shielding function

- fluid density

o - (=s/k or s/ko) nondimensional axial Fourier transform variable
(also radial coordinate of elemental jet)

a* - value of u at point of stationary phase

- velocity potential

- velocity potential; also angle between elemental shear stress vector
and radial coordinate

T - turbulent Reynolds stress
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X - integral of shielding function

w - radian frequency

0- source radian frequency

Q- Fourier time transform variable or frequency

VR - nozzle exit velocity ratio (U2/U)

AR - nczzle exit area ratio (b
2 - a 2)/a 2

TR nozzle exit temperature ratio (c2/Ci) 2

-4 2

SPL 1/3-octave band sound pressure level, re: 2 x 104 dynes/cm

OASPL _overall sound pressue level, re: 2 x 104 dynes/cm2

Subscripts and Superscripts

(')12 /()i'2

() - variable defined at the location of a point source

()B - value of a variable at infinity

(')i

(-)2 - value of a variable in various regions of a dual flow jet system

(')3

(C). - variable pertaining to the jet

<-> - statistical time average

7
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LIST OF SYMBOLS AND ABBREVIATIONS FOR SECTION 4.5

A exhaust plane area

a momentum transport parameter

b momentum transport parameterm

bh heat transfer parameter

C momentum sbear layer spreading ratem

Cn nozzle flow coefficient

Ch heat (thermal) shear layer spreading rate

ci , c2  constants

C specific heat at constant pressure

d, D jet nozzle diameter

f transport parameter

G Green's function

H stagnation enthalpy relative to ambient, Cp (T T-To)

Lc  potential core length

L(f) diffusion equation operator

M Mach number

Pr turbulent Prandtl numbert

p static pressure

R radial distance between field point P and source point Q in
(r , ) -plane

r radial coordinate

Red  jet Reynolds number

S,dS surface area, area increment

T static temperature

TT stagnation (total) temperature

t time

11, U axial x-component of velocity

v transverse y-component of velocity

w transverse z-component of velocity

x, X axial coordinate

y,z transverse cartesian coordinates

a variable of integration for 4-coordinate

yratio of specific heats

j 6(y) delta function 760
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variable of integration for z - coordinate

n variable of integration for y - coordinate

Atransport coefficient

Pviscosity

v variable of integration for r - coordinate

variable of integration for x - coordinate

p density

T shear stress

*transverse angular coordinate

*enthalpy function (also stream function)

Subscripts and Superscripts

e external (ambient) condition or property

j jet nozzle exit plane condition or property

m pertaining to momentum transport

h pertaining to heat transport

o boundary contour

r radial component

*azimuthal component

x axial component

y y-component

z z-component

( ) time-mean value

( )' fluctuating turbulent component

761



LIST OF SYMBOLS AND ABBREVIATIONS FOR SECTION 4.6

A - nozzle exit area

A - shock cell acoustic pressure amplitude, also area of individual nozzle
element

a - ambient speed of sound
0

C shock-cell cross-correlation coefficient spectrum

Deq - diameter based on total equivalent area; 4Aj/T

Deq,n- equivalent element area diameter 4-An/'

Dh  - hydraulic diameter, 4Aj/Pw

f - frequency, Hz.

H - group source spectrum

L - shock cell spacing

M - eddy convection Mach number
C

M. - nozzle exit ideally expanded flow Mach number
- i

m - index of shock cell location
n - index of shock cell location

OASPL- overall sound pressure level, dB ref. 0.0002 P-bar

P - acoustic pressuren

P TJ - nozzle exit stagnation pressure

P - wetted perimeter of nozzle

P - ambient static pressure
0
r - radial distance from nth cell to observern

r - radial distance from nozzle exit to observer0

S - Strouhal number wL /a
n 1loV SPL - 1/3 - octave sound pressure level in 1/3-octave bands, dB

(ref 0.0002 microbar)
T Tj - nozzle exit stagnation temperature

t - time

U c - eddy convection speed

V - ideally expended nozzle exit flow velocity

V - external flow or flight velocity
0

x - axial distance from nozzle exit to nth cell

- high frequency spectrum slope, dB per octave
(also exponent a-i2 )

762 \ / "



I I

S - shock strength parameter = j-

y - ratio of specific heats

- shock cell spacing parameter AL/L1

AL - shock cell spacing increment

Afl1/3- 1/3 - octave bandwidth, Hz.

0i  - observer angle, from inlet, degrees

v - frequency ratio, f/fP

W - radian frequency, rad/sec.

Subscripts

p - peak noise value

avg - average over all cells

j - nozzle jet exit value

1/3 - 1/3-octave value
th

n - relating to n shock cell

M - center - frequency of 1/3-octave band
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LIST OF SYMBOLS AND ABBRECIATIONS FOR SECTION 4.7

A an nozzle exit plane annulus area

A.j nozzle exit plane flow area

AR outer-to-nner stream area ratio

a xx (x-x) quadrupole directvty factor

axx xy uduoedrciiyfco
a (y-y) quadrupole directivity factor
y

a yz (y-y) quadrupole directivity factor

b h  enthalpy mixing layer thickness

b mmomentum mixing layer thickness

C convective amplifiction factor

C h  enthalpy mixing layer spreading parameter

C mmomentum mixing layer spreading parameter

C aambient speed of sound

C pspecific heat at constant pressure

P miia osati praigprmtreuto
C12 empirical constant in spreading parameter equation

Deq equivalent area nozzle diameter 4A-.//f

D h  nozzle hydraulic diameter

f observed frequency

f peak-noise observed frequency
P
f () turbulence model spatial correlation function

Ig (T) turbulence model time delay correlation function

9 2 (r) shielding function

!iH stagnation enthalpy relative to ambient

k!H(QTo) turbulence correlation spectrum function

I lijkl source intensity, (ijkl) - component

I () source intensity spectrum

k source wave number /ca

:L average shock cell spacing
!i avg
.,,L xaxial turbulence correlation length scale

"M flow Mach number U/C a
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M ambient (wind tunnel or flight) Mach numbera
M eddy convection Mach number U /c

c c a
M jet nozzle exit plane Mach number U./c a (also U /cj)

M post-merged region potential core Mach numberm
M Mach number at source location, M(r )o 0

M flight velocity exponent

N number of shock cells

OASPL overall sound pressure level, dB re 0.0002 p-bar

PNL perceived noise level, dB re 0.0002 P-bar

PR nozzle stagnation-to-ambient static pressure ratio

PWL power watt level, dB re 10- 13 watts
P wetted perimeter of nozzle contour

w

p ambient static pressure

p mean-square acoustic pressure

R source-to-observer distance

Ri  component of R in i-direction (i=1,2,3)

Rij turbulence velocity spatial correlation tensor

R flow field calculation transverse coordinate
0
R gas constant (1716 lbf/slug- * R)g
r radial coordinate

rb (x) centerbody radius

r radial source location
0
r radial turning point location0

SPL sound pressure level, dB re 0.0002 -bar

SPL peak value of SPL 1/3-octave spectrum
p

S two-point velocity correlation tensor
ij

Sijkl fourth-order two-point velocity correlation tensor

T flow static temperature

T a  ambient static temperature

T T flow stagnation temperature

T nozzle exit jet stagnation temperature
Ti
TR outer-to-inner stream temperature ratio

U local mean flow velocity

Ua ambient (wind tunnel or flight) velocity
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U Ceddy convection speed
U.i jet exit plane velocity

U mpost-merged potential core velocity

U 0mean flow velocity at source location

ut axial turbulence velocity (r.m.s. intensity)

V. ideally expanded jet veocity

VR outer-to-inner stream velocity ratio

v component of turbulence velocity in i-direction

ii

x axial coordinate

y vector location of eddy volume in jet

a coefficient in acoustic calculation; also angular coordinate
of nozzle boundary contour

ULurbulent decay parameter in convective amplification factor

a shock strength parameter

S(x-x) quadrupole shielding factor

a (x-y) quadrupole shielding factor

a8y (y-y) quadrupole shielding factor

a8y (y-z) quadrupole shielding factor

801 shielding factor for case (c)

802 shielding factor for case (e)

B81 shielding factor for case (f)

a t axial shear stress weighting factor

Y ratio of specific heats

Ar transformed radial coordinate

Av transformed boundary radius

6 kronecker delta; 6 = I for i = j, 6 i 0 for i # j

6 azimuthal shear stress weighting factor

e observer angle relative to jet axis

e observer angle relative to inlet axis, ei M 180*0e
I
Scharacteristic time-delay azimuthal weighting factor

v radial coordinate of nozzle boundary contour

Scross-correlation separation vector

p flow mean density

O ambient density
a
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p jet exit plane density

T time-delay of two-point cross-correlation

T 0characteristic time-delayo

T axial shear stress
x

T radial shear stress
r

T azimuthal shear stress

Pflow field calculation azimuthal coordinate

azimuthal angular coordinate

enthalpy function

Rsource radian frequency

W observer radian frequency

Subscripts

a ambient condition

ann referring to annulus property

b centerbody parameter

c convection property

eq equivalent condition

g gas property

h referring to enthalpy or heat transport

i referring to component in i-direction

I referenced to inlet axis

j referring to jet exit plane condition

m referring to momentum transport; also, post-merged condition

o referring to source location condition

p peak noise value

r radial component

T stagnation condition

t referring to a turbulence parameter

x axial component

xx referring to (x-x) quadrupole property

xy referring to (x-y) quadrupole property
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y

yy referring to (y-y quadrupole property

yz referring to (y-z) quadrupole property

oreferring to turning point property

azimuthal component
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LIST OF SYMBOLS AND ABBREVIATIONS FOR SECTION 5

SPL sound pressure level in 1/3 octave bands, dB (re. 0.0002 microbar)

OASPL overall sound pressure level, dB (re. 0.0002 microbar)

PWL sound power level in 1/3 octave bands, dB (re. 10-1 3 watts)

OAPWL overall sound power level, dB (re. 10- 13 watts)

ASPL difference in SPL between measurements in the = 00 plane
and the i = 90* plane

APWL difference in PWL between measurements in the i = 0* plane
and the , = 900 plane

AOASPL difference in OASPL between measurements in the = 0 and
the * = 900 plane

AOAPWL difference in OAPWL between measurements in the 0* = 0O and
the i = 900 plane

ASPL difference in SPL between single plus 3 dB and twin in the
0 = 0 plane

AOAPWL0  difference in OAPWL between single plus 3 dB and twin in the

= 00 plane

azimuthal angle taken around the jet center-line

e angle to the jet axis

f frequency (Hz)

f lowest frequency at which ASPL > 3 dB
m

e s shielded angle where ASPL > 3 dB

A cross-sectional area of jet nozzle exit

d diameter of round nozzle

D, d equivalent diametere

U jet mean velocity at measuring location

u, Vj Jet velocity (fps)

u' jet turbulent velocity

Tj iplenum temperature (* R)

M, Mj jet Mach number

a ambient speed of sound
0

IC ambient speed of sound
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T ambient temperature (0 R), also jet stagnation temperature

MO"  V j/a0

M convected Mach number
C

P0  ambient air density

p. jet density at the exit plane
]

S convected Strouhal number
C

s center-to-center spacing between nozzles

w length of rectangular nozzle

ITI absolute value of transmission coefficient

t width of rectangular nozzle

x transverse direction perpendicular to y and z

y axial direction along jet centerline

z transverse direction connecting the centerlines of twin or
cluster jets

Az separation distance between jets

W density exponent

OAPWL* OAPWL lOLoglO[(pj/po)W]

COAPWL OAPWL - 10Loglo[A(pj/po)W]

C[ ] [ ] - 1OLoglo[A(pj/0o)w ]
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LIST OF SYMBOLS AND ABBREVIATIONS FOR SECTION 6

a inner radius of the annular jet

b outer radius of the annular jet

M Mach number of the annular shielding jet

T temperature of the annular shielding jet

w sound source radian frequency

C speed of sound

0 angle from the forward jet centerline

M convective Mach number of the sound source
c

f source frequency
O

f frequency measured by the microphone

A nondimensional source frequency (- _a) f
C 0

P farfield sound pressure measured of the sound source

with a shielding jet flow

P farfield sound pressure of the sound source only
0

b
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